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Abstract

With the global therapeutic protein market estimated to reach 316 billion USD by 2025, it is
to no surprise that there is a peaked interest in research into alternative protein bioreactors.
Currently, Chinese Hamster Ovarian cells are the most widely used vector for therapeutic
expression, however, chickens present a potentially higher yielding and more cost-effective
vehicle compared to this mammalian system. To fully utilize this avian bioreactor, gene drive
technology in combination with CRISPR Cas9 needs to be employed. This will allow for the
targeted editing of the Ovalbumin and Ovomucoid loci allowing for the maximum expression
of a therapeutic protein in the aloumin. To accomplish this, we first constructed a gene drive,
with restriction digest, that contained CRISPR Cas9, the therapeutic protein human clotting
Factor 9 (FIX), homology arms, and a meiosis-specific promoter. Primordial Germ Cells
(PGCs) were then isolated from the blood of HH 14-17 embryos and cultured for 4 months to
be the vehicle for gene transfer into the chicken. After this, kill curves were performed and
the best concentration for selection with puromycin and neomycin of PGCs, was determined.
The best concentration of busulfan for depleting native PGCs in gonads while conserving
viability as much as possible, was also determined through IHC staining. The gene drive
constructs were then electroporated and lipofected into PGCs and integration was assessed
with Homology Directed Repair and Non-Homologous end joining specific primers.
Separately, PGCs edited with an mRFP-Tol2 tracer were injected into HH 13-15 embryos and
repopulation was assessed on these busulfan ablated embryos. The use of 75ug of busulfan in
50ul of sesame seed oil and DMSO was determined to be most effective at ablating native
PGCs and conserving viability while 1.5ug/ml and 400pg/ml was determined to be the ideal
selection concentration for puromycin and neomycin, respectively. While integration into the
PGC genome was unsuccessful, transfection conditions were established that successfully
transferred the constructs into PGCs. Future work will need to include treatment with HDR
promoting factors in cell culture or gRNA redesign to ensure successful integration of the
gene drive into PGCs. To address unsuccessful repopulation, different methods of injecting,
such as using a microinjector, could be attempted or the technique could be repeated with
more cells. Nonetheless, this study provides important preliminary data to create a transgenic

chicken bioreactor for the expression of FIX at a lower cost than current methods.
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1.Introduction

1.1 Background: Therapeutic proteins as a multibillion-dollar market and common
bioreactors used for production

The market for biopharmaceuticals, such as therapeutic proteins, monoclonal antibodies and
vaccines, is rapidly expanding and is predicted to reach $316 billion by 2025 1. With
therapeutic proteins being the fastest growing sector within the biopharmaceuticals market 2-
4 it has garnered a lot of attention from the transgenic bioreactor research industry. This is
especially true since the cost of protein therapeutics is largely unaffordable due to production
line bottlenecks such as maintenance and running costs of expression facilities?3. These
therapeutics are used to treat a range of diseases and ailments, such as post trauma and post
operative bleeding, and Hemophilia °>~’. Unfortunately, due to the unaffordability of these
therapeutics, majority of the population can be deprived of treatment. A transgenic bioreactor
can offer a reprieve to the healthcare sector that must meet the demands of an ever-expanding

population, only if it can produce a product at a cost that suites the majority.

Originally, therapeutic proteins used in the treatment of blood disorders were obtained
directly from human blood, however, there have been issues with purification, and the
presence of blood borne viruses left in the sample pose considerable risk. Chemical synthesis
has, therefore, been considered as a non-human means to producing products that safely
eliminates the risk of viral infection, however, it is complicated as reagent handling and
disposal need to be considered. In addition to the cost that these requirements entail, the use
of reagents makes it significantly more expensive, thus, an animal bioreactor would provide a
promising, cheaper alternative®®. To solve the issues around affordability and disease risk,
mammalian production hosts, where protein is expressed under the dominant milk promoters
in the mammary glands, have been thoroughly investigated. For all mammalian bioreactors,
therapeutic protein expression is controlled under the as1 and Bcasein promoters, which are

responsible for the expression of 73% of protein in milk*t,

Goats are one of the most recently reviewed mammalian expression systems that have the
potential to increase protein yield. On average these mammals have a gestation period of 5
months and reach reproductive age at 8 months after which they produce 2 offspring. Once
fertilized, goats produce roughly 600 liters of milk during their 300-day lactation period. The
highest recorded production of therapeutic protein in goats’ milk was 20 mg/ml for a.1-
proteinase inhibitor over the entire lactation period. While large expression volumes in this

system have proven to be successful, the gestation and sexual maturation timeline,
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unfortunately, provide significant delay for therapeutic protein production, making them

infeasiblel10.12,

A smaller mammalian alternative to goats, that possesses a 0.75-month gestation time and
takes 1 month to reach sexual maturity, are mice. While the gestation time is significantly
less limiting in this system, they only produce around 0.0015 liters of milk per lactation
period of 3 weeks. The maximum therapeutic protein yield recorded for this period was
human alpha 1-proteinase inhibitor at 35mg/mlI**1%12 While the yield in this system has the
potential to reduce therapeutic costs, there are behavioral and physical limits mice, and goats,
impose and it is laborious and expensive to induce transgenesis in these animals. The most
commonly used method for creating transgenics, is microinjection of foreign DNA into
harvested oocyte nuclei. This has a low success rate (on average 3%) in offspring and the
technique is invasive to the cell. Microinjection is also time consuming and requires special
equipment which is costly and limiting*? further dampening the prospects for both these

expression systems.

Other potentially higher yielding mammalian bioreactors that have been explored are rabbits
and cows, however, high husbandry costs for maintaining rabbits and the 3-year long
gestation to sexual maturity period for cattle often exclude them from further consideration.
Rabbits have a 1-month gestation time and take 5 months to reach sexual maturity and
produce approximately 1.25 liters per 21-day lactation period. While yield prospects for
therapeutic protein production in rabbit milk is promising, with the maximum yield recorded
at 8 mg/ml human a-glucosidase 1*-**, production of antibodies is still unaccomplished due to
the need to inactivate endogenous immunoglobulin loci. Despite this hurdle, researchers
managed to demonstrate the production of 200ug/ml monoclonal antibody B as a concept,
which is insufficient for the effort and time it takes to create this system. In addition to this,
the high husbandry costs associated with rabbits unfortunately make them less appealing for

protein expression as a wholel?,

Perhaps offering a larger potential yield but still limited by rearing and maintenance costs, are
cows. In order to produce therapeutics in bovine, fertilized oocytes removed from slaughtered
animals are obtained and pronuclei are injected with DNA. After 7 days in vitro, these edited
oocytes are transferred to a host. This method is incredibly labor intensive and time
consuming from obtaining the oocyte to implantation 3. Even though the method of
transgenesis is limiting, cows could theoretically yield 10mg/ml over a 305 day lactation

period in which they produce 11201 4. Despite this large expression potential, cows have
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only been recorded to yield 5 mg/ml of alpha-lactalbumin®, meaning the time and effort to
create this transgenic far outweigh the yield this system could provide and, thus it has not

been further investigated.

Non-mammalian production systems, such as bacteria, have also been investigated as they
offer a significantly cheaper alternative to the abovementioned mammalian systems. E. coli
are commonly considered the cheapest and fastest way to produce proteins as they require
minimal maintenance, have a doubling time of 20 minutes, they can be grown in huge
bioreactors with simple media, and can be edited easily and cheaply. Bacteria also have the
advantage of containing well characterized promoters for the expression of exogenous protein
that can easily be targeted with restriction digest or CRISPR. While non-mammalian
glycosylation patterns are the major issue in these expression systems, and can affect the
function of the therapeutic negatively, correct glycosylation patterns can be engineered into
E. coli to potentially evade a non-functional end product. This, however, can only be
performed on already folded proteins, which E. coli frequently have difficulty with,
especially with proteins greater than 30KDa >’ Therapeutic products can also be
chemically glycosylated through pegylation; however, this would be incredibly time
consuming and expensive, especially to perform at a scale that meets the market demands.
Nevertheless, E. coli have always been seen as the cheapest and easiest way to scale up
protein production. The highest yield for protein produced in E. coli was 2 mg/ml of human
antibody fragment 8. While scale-up is theoretically possible in most cases, there are often
issues that arise when products form insoluble build-up and lead to bacterial death, thus,

limiting scale-up in some instances %2 .

The other easily manipulated and cost-effective non-mammalian alternative are yeast. They
have a doubling time of approximately 2 hours and can be grown on a large scale in a
bioreactor tank, similar to E. coli. Yeast are more capable of glycosylating similar to
mammalian systems, however, they lack the ability to add terminal sugar residues to the final
product which in turn reduces the half-life of the therapeutic. While half-life can be improved
through the addition of functional groups, this would again be time consuming and
expensive!®2t, Another downfall to this production system is that the media composition for
yeast causes the degradation of proteins and there is often insoluble protein formation and
incorrect folding in the final product. Yeast have been recorded to produce up to 12 mg/ml of
tetanus toxin fragment C in strains of P. pastoris??, which would make it an attractive
expression system if mammalian folding and post translational modifications were not of
importance to the therapeutic.
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Other non-mammalian alternatives, such as insects, are significantly more stress resistant
compared to most systems and can, thus be used for large scale expression. Unfortunately the
main issue is that insects add glycans not present in humans, thus, triggering an immune
response, making them largely infeasible for human therapeutic expression?. In addition to
this, while potential yield may be large, the highest recorded yield was only 0.3mg/ml for

human collagenase IV, which would in turn drive up the cost of the therapeutic®®.

Plants have recently been investigated in order to find a host that produces a large amount of
protein at a low cost while maintaining the necessary post translational modifications. They
offer the potential of easy scale-up and cheap maintenance while allowing for more human
compatible glycosylation patterns?*. They are capable of producing approximately 100 tons
of material hectare* per year. The most common method of modifying plants includes
using a gene gun or Agrobacterium tumefaciens transformation to reach the nuclear genome
for nuclear expression. While editing is made simple through these technologies, gene
silencing, and low expression levels are a common side effect of these random integration
techniques and the nucleus alone is not sufficient to provide a worthy increase in protein
yield when compared to mammalian systems 22, Another benefit, however, to using plant
expression systems is that other organelles can be used for gene modification and thus
potentially increase yield. Chloroplasts are one of these organelles and the main appeal is that
they are numerous and could, therefore, offer high expression if harnessed correctly.
Transformation of exogenous DNA into the chloroplast is, unfortunately, difficult because of
the double membrane and having no known viruses that penetrate it. To circumvent this,
modification is usually done with tungsten coated particles in a gene gun, however, random

integration is possible?%:26:27,

Another alternative to expression in plants which removes issues associated with random
integration, is transient expression. While this has a limit on scalability, as expression
plasmids will be diluted out over time, it has the potential to provide a high yield for short
term applications. Another method used to overcome gene silencing from random integration
is the inclusion of flanking homologous sequences on the inserted gene to allow for HDR
(homology directed repair) insertion and, thus targeted expression. Even though this would
circumvent silencing the chloroplast is the one organelle in which no glycosylation occurs,
thus, creating an alternate issue for human therapeutic expression. The other issue, not
centred around human therapeutic expression, is that the viruses and bacteria (Tabacco
Mosaic Virus or Agrobacterium tumefaciens) that are used to carry the transgene into the
plant can enter the environment and kill native plants creating substantial ecological risk?>%,
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As opposed to protein production in the whole plant, production in plant cells can be used to
express transgenes which eliminates the potential ecological risk while still maintaining easy
scale-up. This also offers a cheaper alternative to mammalian cell culture as media
composition is simpler?®. Glycosylation patterns, however, are unfortunately still an issue
with products containing immunogenic sugars®. While the optimal production in plants was
recorded at 1 g/kg of leaf mass, plant cells, on the other hand, were shown to produce
approximately 3 mg/ml, however, expensive infrastructure is required to reach these yeilds®.
While these amounts may be attractive for a sizeable plot of plants or large-scale bioreactor,
this would only increase the effort and cost of maintenance, leaving this method only slightly

better than mammalian cell culture, with the added disadvantage of incorrect glycosylation.

Currently, mammalian cells or specifically, Chinese hamster ovarian cells, are the main
means of production for human therapeutic proteins. They are often modified with a vector
containing the protein of interest under the dihydrofolate reductase (dhfr) promoter, which
relies on random integration. After this, cells are screened in the hundreds to isolate a cell line
that successfully expresses the protein 3. These bioreactors offer the correct glycosylation
patterns for human therapeutic proteins, which circumvent the disadvantage posed by non-
mammalian production systems. They are also easily edited to incorporate the transgene that
expresses the desired recombinant, which, again, is the appeal of some of the cheaper non-
mammalian systems. Other examples of mammalian cells used for human therapeutic
production are Baby Hamster Kidney cells (BHK21) and Murine Myeloma cells (NSO0).
These lines are successful in producing a recognizable and safe therapeutic protein suitable
for human use with a yield of approximately 1-5 mg/ml 3132, While the yield produced by
mammalian cell lines is sufficient, cell culture facilities remain expensive to maintain, in turn

increasing the cost of the product.

Depending on the purpose of the protein that is required as well as the size and necessary post
translational modifications, the systems discussed may be sufficient for producing large
amounts of therapeutic. In terms of human therapeutics, however, these systems all suffer
from the lack of correct glycosylation patterns or high running costs. Even though research
has provided an alternative to harvesting therapeutic proteins from human blood, we are still
left with the need for a bioreactor that has a short generation time, correct glycosylation
patterns, and is cheap to maintain while having a large output of product to reduce
unnecessary costs of treatment. To this end, the chicken as a protein expression system has
recently come under the spotlight as it could provide the ideal host that would remedy all
these issues. The table below summarizes all the bioreactors discussed as well as the chicken,
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which will be discussed later, and compares various important aspects necessary for
therapeutic protein production centered around cost and yield. As one can see, the chicken
offers the most well-rounded system when yield, post translational modifications, scalability,
gestation time, maintenance cost and ease of extraction are compared against other

mammalian and non-mammalian systems.

Table 1: Comparison between non-mammalian and mammalian bioreactor systems for human
therapeutic protein production. The higher the score for each aspect compared, the better the
bioreactor is at performing the task or the closer it is to mimicking human protein production.
Yield refers to the maximum potential yield possible in the system across its lactation or
expression period, glycosylation is the common post translational modification necessary for
human use, and scalability refers to how easily these systems can be used on a large scale i.e.,
land required or growth in a large bioreactor. Gestation time refers to the time from when the
animal conceives to when the offspring are born or when the therapeutic protein can be
obtained, cost of maintenance refers to growing and care costs over the lifetime of the vector,
and ease of extraction refers to where the protein can be extracted from and, thus how easily
it is accessed e.g., from the milk or egg. The information in this table was collated from

sources 10-32.

System E. Yeast Plants CHO Rabbits  Mice Goats Cows Chicken
coli
Yield FHt+t R b +++ ++ + ottt ++++
Glycosylation + ++ ++ +++++ +++++ +H+++ A ++++
Scalability FHHH+ b ++ +++ e+ ++ + o+t
Gestation time = +++++  +++++  ++++ ++++ +++ ++++ ++ + FH+
Cost of R b + ++ 4+ ++ ++ RTRES
maintenance
Ease of +++++ ++ +++ ++ ++ +++ +++ ++++
extraction

1.2 The chicken as a bioreactor and major routes for genome modification

What makes the chicken such an attractive alternative for therapeutic production is that it
brings improvement to all the lacking areas that currently face protein production in
mammalian or cell expression systems. Most importantly is the ability of the chicken to offer
correct glycosylation across many human therapeutics. In addition to this, gestation time in
chickens is 21 days and at 5 months the birds reach sexual maturity, which is significantly
shorter than other larger mammalian systems. Egg laying occurs once a day per bird, which is
extremely beneficial if the albumin (which comprises 66% of the egg) 3 were to be
repurposed for expression, such as in the case of all mammalian expression systems where

the milk promoters are utilized. This would be most ideal for the purposes of increasing yield,
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however, targeting this area requires the manipulation of the chicken’s genome. Two aspects
need to be considered for inducing modification in chickens and that is where the

modification will be administered, i.e., what cell type will be targeted, what promoter will be
used promoter, or what physical area of the embryo will be modified, and how exactly these

changes will be induced at these locations.

Targeting the gametes is the only way to gain access to the chicken’s genome and elicit a
change that could potentially be passed down to offspring. For this reason, all routes to
obtaining gametes have been explored. Firstly, an understanding of gamete development in
chickens is required to fully understand the different routes for gene modification and transfer
available in avians as well as the advantages and disadvantages of manipulation at each
possible stage. To begin, fertilization takes place after ovulation in the oviduct after which the
ovum is encased in albumen and shell as it passes down the oviduct to be laid. Before
oviposition, syngamy occurs followed by the first cleavage division. After incubation begins,
the hypoblast is formed from bilayering of the area pellucida and the epiblast undergoes
gastrulation to form the primitive streak, beginning the stages 2-4 under Hamburger Hamilton

(1951) classification3334,

Ova in adult hens have been investigated as a potential area to manipulate the chicken’s
genome, however, the ovum would need to be harvested before oviposition and, therefore,
from the oviduct, to be genetically manipulated. This would involve invasive surgery and the
egg would then need to be placed back in the oviduct to ensure development as normal.
While there have been experiments that successfully culture embryos in an artificial
environment, the survival rate was only 10-15%3%-3". Other disadvantages to this technique
include the pronuclei not being visible which makes editing challenging and not having
access to more than one ovum per hen brings in a major limiting factor for a technique that is

already cumbersome®3,

Another point of potential genome modification are chicken primordial germ cells (PGCs),
which are the stem cell like precursors to mature gametes in avians. PGCs are induced by the
localization of maternal germplasm around fertilization, or epigenesis from cell interactions
around gastrulation. The expression of transcriptional repressor b lymphocyte induced
maturation proteins (prdm1 and prdm14) reduces somatic programming and signals
pluripotency in PGCs, respectively®%, In addition to this, VASA, which is found in the basal
part of the cleavage furrow at first cleavage (Stage 1), is incorporated into the blastodisc at

stage V to aid in the formation of PGCs. Approximately 130 PGCs are localized at the area
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pellucida at stage X*%4!, At this stage it is also worth noting that blastodermal cells can be
dissected out, edited and transferred to a recipient stage X embryo, however, this technique is
challenging, not entirely specific to germ cells, and has a low success rate at accomplishing
germline transgenesis #2. After incubation begins, PGCs then migrate into the blood vessels
that form in the germinal crescent at stage 5-11. Circulation throughout the embryo then
begins at stage 13-17 and PGCs peak in the blood at stage 14%%43, PGCs exit the vessels and
migrate along the dorsal mesentery and settle in the germinal ridges during stage 28-30. Itis
suspected that these cells are attracted to the germinal ridges by chemokine stromal cell
derived factor 1 (sdf-1). PGCs only differentiate into mature male PGCs at stage 39 and germ
cells in the gonads peak at stage 4346, Mature PGCs then come to rest in the gonads until
spermatogonia restart division 10 weeks after hatching and differentiate into spermatogonial
stem cells (SSCs). At sexual maturity these cells are responsible for forming the mature
sperm. On the other hand, female PGCs start differentiation into primary oocytes at stage 34
and the 1% meiosis division begins at stage 39, halting at diplotene. Oocyte maturation and
growth occurs at sexual maturity with primary oocytes resuming their first meiotic division
before ovulation and then the second division follows and halts at metaphase until ovulation

begins*.

Given the migratory pathway of PGCs during embryo development, these cells and, thus the
chickens genome, can be easily accessed from the germinal crescent, which contains other
germinal crescent cells®, the blastoderm which also contains other cell types®, the blood at
stage 13-17, the gonads at stage 28-30, or as SSCs present 10 weeks after hatching. The
decision of which cell stage to utilize largely depends on whether changes need to be made to
the adult or embryo chicken. Both stages have disadvantages, however, one is far more

suitable in the case of limited funding and resources*:52-%4,

Using embryos as opposed to adult chickens brings with it many benefits. Embryos do not
require as much upkeep as adult chickens, they require less space, ethics clearance is easier to
obtain, suffering is minimized if experiments are performed before half development and a
smaller number of PGCs are required to edit the chicken (~1000 cells) which is particularly
beneficial due to the difficult nature and time needed to culture PGCs to a high enough
density*®. The successful transfer of PGCs from blood stage embryos at stage 13-17 to
embryos at the same stage has been demonstrated several times #6525 and, thus the technique
is somewhat well defined. In addition to using PGCs edited in culture, modification of an

organisms genome can also be performed via transfer of edited cells into the blastoderm or
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germinal crescent, however, these technigques have a low success rate and are not specific to

the cells in target®.

Further on in chicken development, SSCs provide a similar vehicle for gene transfer to PGCs,
however, these experiments of modification are often performed in adult roosters. It has been
demonstrated that SSCs and/or PGCs transplanted into sterile roosters can successfully
complete spermatogenesis, however, adult chickens require 2x10° cells for sufficient
modification to take place within the gonads as opposed to embryos requiring only 1000.
After obtaining the necessary number of cells needed for transgenesis, implanting edited cells
into adult chickens requires invasive surgery which requires strict planning as to when the
cells will be ready in sufficient amounts, how many times the surgery will be performed and,
thus there is very little room for trial and error. In addition to this, acquiring adult animals
takes more time and is a much more rigorous process than obtaining embryos*?°553, Lastly, it
inflicts unnecessary suffering on an animal with a fully developed nervous system where an
alternative is available. As a result of all these disadvantages that follow using adult chickens,
PGCs and embryos are considered the ideal candidates for gene transfer.

Once the preferred point of entry to the chicken's genome is determined, the region of the
genome to be modified needs to be decided upon. As previously mentioned, the chicken is an
ideal bioreactor if expression of the therapeutic can be targeted to the albumin. Understanding
the basic composition of the albumin is of importance to understanding which promoters are
of use for modification and providing high expression of a therapeutic. Albumin includes
lipids and proteins at 24%, carbohydrates, vitamins, and minerals at 13%, major egg white
proteins such as ovalbumin (OVA) at 54 %, ovotransferrin (OVT) at 12%, ovomucoid
(OVM) at 12%, lysozyme at 3,4% and ovomucin at 3.5%. Due to their dominant occurrence,

OVA and OVM are often the subject of transgenic studies in chickens®’ .

The ovalbumin portion of egg white is synthesized in the oviduct with the 40kb gene
expressing this protein forming a cluster of OVAX and OVAY paralogs on chromosome 2.
The gene contains 8 exons of which the second contains the start codon and the first is
untranslated. The region encodes a 386 amino acid (a.a) long protein °%-%°, The OVA
promoter is well characterized and strong promoter found upstream of the coding sequence
and is usually accessed via exon 2 as this does not disrupt splicing of the gene ®*. The
function of OV is not entirely understood; however, the protein was found to be unaltered at
different stages of growth and is suspected to be an amino acid source for the embryo. It is

also suspected to have antibacterial, antihypertensive and antioxidant properties. The paralog
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of OVA, specifically OVAY, is a protease inhibitor and, thus protects the sperm and early
oocytes or fertilized embryos from degradation. The other paralog, OVAX, is suspected to be

an antimicrobial inhibitor 606264,

While the function of ovalbumin appears important, modifications at the locus have been
accomplished without effect on the viability of the embryo, at least in the case where one
allele is conserved. Researchers have successfully expressed hINFf under the OVA locus by
knocking in the sequence under the 2" exon using a CRISPR construct fitted with homology
regions complementary to the region on either side of the exon, to allow HDR. Up to
4.42mg/ml of therapeutic protein expression under just the ovalbumin promoter, was
recorded %. In another study, EGFP was successfully expressed at the OVA locus. This was
introduced with CRISPR and homology arms designed around the tata box, to promote high

expression of the protein®.

The other dominant egg white protein, OVM, is located on chromosome 13 and spans 5.6kb.
It contains 9 exons and the 0.63kb coding region expresses a 210 a.a product %%’ OVM is a
trypsin inhibitor and is a suspected antimicrobial agent, however, its function isn’t fully
understood. It is also theorized that it protects the proteins in the absorbed egg white at day
11, as it inhibits proteases %80, Similarly, to OVA, knockout at the OVM locus, at the 3™
exon, was successfully achieved and again, CRISPR with homology arm complementary
sequences were employed to insert the fragment through HDR. This was accomplished
without any effect on the embryo’s viability suggesting that the function is not crucial to

survival if one allele is conserved 7°.

Another benefit to modifying these major egg white proteins, and perhaps disrupting and
removing their presence, is that 2.5% of children are victim to egg allergies which could
result in death in serious cases. OVA together with OVM are the two major allergenic
proteins in egg white. Denaturation of OV A through heating and proteolytic digestion has
been used to reduce the allergenicity of eggs, however, OVM is incredibly stable, thus,
requires knockout through genetic means such as CRISPR. Knockout of OVA has also been
accomplished for allergenicity purposes using TALENs (DNA-recognition transcription

activator-like effector and a nuclease domain) °-72,

Another major egg white protein that has not been modified due to suspicion that it is crucial
for life, is OVT. It has a 2.4kb coding sequence and is located on chromosome 9. The protein
product consists of 705a.a and can exist in a form bound or unbound to Fe** 73 74, OVT has

been found to lyse bacterial membranes, scavenge free radicals, and inhibit fungus and
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viruses. It induces cytotoxicity in cancer cells, enhances immune responses during infection
though the activation of macrophages, and enhances secretion of immunoglobulin A, all of

which are important for the developing embryo contained in a porous shell.

1.3 Transgenesis in chickens for protein production

Genetic manipulation of chickens was first accomplished in the late 1980s. Since then, there
have been enormous strides in research into the best possible ways to induce transgenesis in
these birds. Knowing that insertion of exogenous DNA under the OVA and OVM loci is the
most feasible way to accomplish a higher yield of protein is only half the protocol required to
create a transgenic bioreactor. While the chicken as a bioreactor would be a huge step
forward in therapeutic protein manufacturing, avian genomes are unfortunately difficult to
modify because of the zygotes yolky structure and silencing of the transgene often occurs due
to random integration. While we have already circumvented the inaccessibility of the yolk
structure by determining that PGCs are the best means of accessing the chicken’s genome,
here we need to consider the different methods which can be employed to induce transgenesis
at the desired region in the genome while avoiding the common issues mentioned above.
Although CRISPR is the main means of genome modification nowadays, multiple other
methods of avian transgenesis exist that have brought the field of biotechnology to the point

it is at today.

Viral based vectors were the original method of gene editing used in chickens. Viruses such
as the Lentivirus and retrovirus that contain the target sequence were transfected into
chickens allowing the exogenous DNA to insert at random into the genome. These viruses
were commonly injected into PGCs, into blastodermal cells at oviposition 7/, into the heart of
55 hour old embryos, or into the blood of stage 13-17 embryos’®. In any of these methods
of transgenesis, cells can either be modified by direct injection of the vector into the embryo
or cells can be edited and then transferred to an unedited embryo to bring about modification.
Lentiviral vectors were successfully used to create chickens that express miR24 and hIFN in
the egg white by directing expression to the aloumin by using the 5° end of the ovalbumin
gene upstream from the coding sequence in front of the target DNA 8. Similarly with Harvey
et al, 2002 who demonstrated that B galactosidase and 3 lactamase could be expressed in the
albumin if the viral vectors were injected into the sub germinal cavity of freshly laid eggs. In
this case, a 1.4kb region upstream of the Ovalbumin coding sequence was used to drive
specific expression "°. While viral vectors brought about the necessary modifications, they
unfortunately posed the issue of long-term dilution and silencing from possible random
integration, making them suboptimal.
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The use of lipofection and electroporation methods opened doors for avoiding the use of viral
vectors for gene transfer. One such example is testis mediated gene transfer in which genes
are transferred to spermatozoa and spermatogonia via lipofection or electroporation
procedures and these sperm are then used for artificial insemination. Other means of inducing
transgenesis in sperm include electroporation, restriction enzyme mediated integration,
receptor mediated gene transfer and intra cytoplasmic sperm injection 8°. While these avoid
the need for encapsulating a sequence that is to be introduced, the sequence itself needs to be

modified to allow for genomic integration.

Recently, there has been large insight into avian transgenics with new methods being
explored that would allow for naked DNA transfection of PGCs. Methods such as TALENS
have been used to create DDXO4 knockout hens which were genetically infertile. The
construct containing the coding region of interest was fitted with homology regions to the
DDX04 gene and PGCs were edited and re-implanted to later breed sterile offspring .
Unfortunately, TALENS are expensive to make, and the efficiency of repair is low (8%), thus,
there is a need for a cheaper system that performs modification in a similar targeted manner.
Another study that demonstrated the use of an alternative to TALENS, which used a dimeric
ZNF, failed to show editing at the OVA locus in chickens. Since then, this method has not
been explored further 8 leaving us with the need for a precise editing tool.

With the discovery of CRISPR, accessing the chicken's genome has become more
straightforward and affordable. The efficiency of CRISPR was shown to be 90% when
compared to TALENS, which was 33% ’°, demonstrating its ability to be a more efficient and
precise tool. Various studies have shown the successful expression of proteins such as hIFNB
and B-galactosidase in the albumin®, with this editing technology. One of the main areas of
genome modification that has seen improvement is the longevity of the system as these

CRISPR based constructs can integrate and be passed down instead of existing transiently.

In order to create a self-propagating editing system, CRISPR would need to be used in
combination with an editing technology that allows for permanent and precise change that
could be passed down through generations in a non-Mendelian manner. Gene drives, which
are constructs that bias the inheritance of a particular trait, in combination with CRISPR
create this ideal editing system. This would work by employing a construct like that delivered
by viral vectors, however, it requires the addition of gRNA sequences which are
complementary to the target region in the genome, a pam sequence to allow for interaction of

Cas9 with the genome at these regions, as well as homology arms complementary to the area
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externally flanking where the gene drive will be inserted. To make cutting possible, CRISPR
will also need to be included in the vector/s used in such a way that it inserts into the genome
with the gene drive. The gene drive will then be inserted through HDR and expression of the
desired therapeutic will be controlled under the native promoter in the target region. HDR
occurs predominantly during meiosis due to the presence of sister chromatids and is a
mechanism of conserving important regions in the genome upon DNA damage. Commonly,
the sister chromatid, which contains a region complementary to the damaged region, is used
for repair. The flanking homology arms will allow for the use of the desired insert in repair
instead of the sister chromatid. Outside of meiosis, double stranded breaks are repaired
through NHEJ (non-homologous end joining) and would, thus preclude gene drive insertion
from taking place. For this reason, it is important for Cas9 to be under the control of a
meiosis-specific promoter®®. Below (Figure 1) is a diagram depicting a simplified version of

HDR repair with a gene drive and strand conversion of the second allele once the gene drive
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Figure 1. Homology directed repair within the chicken genome in the presence of a gene

drive expressing Cas9. The genome is first cut by Cas9 which is expressed from the gene

drive (Blue). This Cas9 can also be expressed from a secondary plasmid (not shown) if the

Cas9 in the gene drive is controlled for meiosis-specific expression and editing is occurring in
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vitro. Homology arms contained in the construct assist with complementary recognition after
which strand invasion occurs and, thus HDR, inserting the gene drive into the target locus.
Cas9 is then expressed during meiosis, in vivo, and the second allele can be converted
similarly to the first, except this time by the first allele and not the transient gene drive. This

image was created with PowerPoint (2022).

One of the most recent uses of this gene drive technology was demonstrated by Grunwald et
al in mice. Here, Super-Mendelian inheritance was demonstrated in mammals for the first
time, where triple homozygosity was accomplished at the tyrosinase locus, a feat which only
has a 1.5% chance of occurring in nature®®. This was, however, not the first instance of gene
drive technology being used for genome modification. A study in 2013 was the first to allude
to this technology when insertion of CRISPR Cas9 from one locus into another, by homology
directed repair, creating a homozygote, was accomplished in Drosophilia melanogaster.
Further to this, the power of these genetic constructs was demonstrated when producing
infertility by mutation at the asdgx locus in the malaria carrying Anopheles mosquito. This
targeted integration eliminated the downfalls associated with viral vectors and allowed for a
more controlled and trackable expression®%°, These powerful gene drive tools allow for the
much-needed advancement in avian transgenesis and coupled with the ideal expression
system, provide the potential for a groundbreaking therapeutic protein revelation. In the case
of the chicken bioreactor specifically, Super-Mendelian inheritance at the OVA and OVM
loci within the albumin, which is demonstrated in Figure 2, could bring about maximum

therapeutic expression and a rapid method for creating these “therapeutic eggs”.
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Figure 2: Mendelian inheritance as compared with Super-Mendelian inheritance brought
about by a CRISPR gene drive. (A) represents normal mendelian inheritance where yellow
chickens are homozygous recessive and white chickens are heterozygotes. (B) demonstrates
the ways in which alleles can be repaired in the presence of gene drive editing during
meiosis. (C) demonstrates Super-Mendelian inheritance and the creation of chickens that
produce “therapeutic eggs”. For each case in the Super-Mendelian pedigree, the alleles are
demonstrated for both OVA and OVM loci as an example. Allele conversion is demonstrated,
whereby the individual should have been heterozygote or unedited in normal instances but

has undergone allele conversion to become a homozygous edited individual. Blue chickens
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are sterile and lay eggs that contain therapeutic protein inserted under the two loci (OVA and
OVM). These will be layer hens no matter if fertilization takes place or not. For the sake of
this diagram, all offspring depicted are female crossed with an outsider male rooster. This
image was created with BioRender (2022).

In the above diagram, Super-Mendelian inheritance is demonstrated to be a useful tool at
accomplishing target modification within, potentially, the first generation through strand
conversion. This editing tool makes it a lot quicker to induce change to the genome as
opposed to normal constructs that are confined to the pattern of normal mendelian
inheritance. In the case of chickens used for the production of therapeutics, the goal is to
breed a homozygote layer hen, that produces eggs which will be sterile but will still contain
the therapeutic of choice. Gene drive technology makes editing more convenient in this case
as the breeding program can be started with either an unedited wildtype or a heterozygous,

edited rooster (Figure 2 — white and orange bird, respectively).

1.4 Methods of PGC extraction and cell culture for creating transgenics

As discussed previously, PGCs are the chosen cell target of genome editing in chickens as
they allow access to the germline. PGCs, thus need to be maintained in culture for a period
sufficient to allow for editing, recovery, and transplantation into a host. Chicken primordial
germ cells can be maintained in culture for long periods without losing their properties
making them useful for conservation efforts for avians which require storage of PGCs as well
as for the field of biotechnology and transgenics. As PGCs are the most ideal vector for
creating transgenic chickens, different ways of culturing PGCs have been researched

extensively over the years.

The dominant points of extraction for primordial germ cells are the blood of stage 13-17
embryos (380 PGCs®) and the gonads of stage 28-30 embryos (500- 2500 PGCs ). PGCs
can also be extracted from the germinal crescent, however, there are far fewer cells present at
this stage (250 PGCs?). While this method allows for fast extraction due to a low incubation
time, the gonads and blood are preferred as they offer enough cells to encourage substantial
proliferation in early culture. There is also persistent tissue in the culture after germinal
crescent extraction which could hinder downstream processes. After extraction, PGCs can be
purified using Nycodenz or Percoll purification, immunomagnetic cell sorting and
fluorescence activated cell sorting (FACS), however, this is unnecessary for blood PGCs as
the only contaminating cells are blood cells which cannot be maintained in culture. While

gonadal PGCs are most ideal as they have the highest concentration in comparison to other
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collection points, there is usually contamination from other cell types and, thus needs FACS,
MACS or Percoll purification which can be an issue as these methods ar not always
accessible. To circumvent the possible inaccessibility to these methods of purification, it was
demonstrated that gonads extracted from embryos can be incubated at 37°C in PBS which
will discharge the PGCs from the tissue at 50% purity. For this method of purification,

however, germline transmission has not been demonstrated “°.

After extraction and purification, PGCs need to be cultured in an environment that allows
them to be maintained in their primordial cell state and not undergo differentiation into
mature PGCs or germ cells. Across all protocols, there are 3 hormones that appear crucial for
PGC development and maintenance. As stem cells, PGCs require human stem cell factor
(hSCF) to ensure normal proliferation, differentiation, and survival. In addition to this,
leukemia inhibitory factor (LIF) is added to prevent differentiation and basic fibroblast
growth factor (bFGF) is added to encourage proliferation of cells in culture®®°%. Another
important factor for PGC culture is a feeder layer, of typically fibroblast cells, to maintain
PGC colonies. PGCs are suspected to respond well to feeder layers as they secrete continuous
SCF and LIF, which mimics their natural environment. Why these natural hormones perform
better is suspected to be due to the fact that manufactured hormones only have a half-life of
approximately 8 hours in standard culture conditions (37°C, 5% CO2)%2. Commonly, chicken
embryonic fibroblast cells are used as a feeder layer as it is easy to obtain material from left
over eggs after PGC extraction. Gonadal stroma cells have been shown to be more effective
than CEFs as a feeder layer, however, this is only for two weeks of initial culture and then the
PGCs need to be transferred onto CEFs, STO (Sandoz inbred mouse-derived thioguanine-
resistant and ouabain-resistant) or BRL cells %9939 \which are also commonly used feeder
layer cells that can be purchased. To culture PGCs in the absence of a feeder layer,
researchers recently demonstrated the concept of 3D culture. Using polymer fp003 in media
increased the viscosity enough so that PGCs did not sediment, thus, allowing for better

nutrient reach and expansion % .

Another approach to obtaining PGCs from a source other than the blood or gonads of chicken
embryos, is to reprogram CEFs into PGCs. This has the advantage of producing high
numbers of PGCs as CEFs are easy to culture and have a doubling time of under 24 hours as
opposed to PGCs that have a doubling time of 2-3 days or more. To reprogram CEFs into
germ cells, researchers expressed Oct4, Sox2, Nanog, Lin28A (OSNL) to induce iPSCs. These
stem cells were then cultured in BMP4, BMP8b and EGF to further induce PGC formation
%, This could potentially be a highly efficient means of obtaining high yields of PGCs,
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however, the introduction of new genes will require additional work, the expression abilities
of these reprogrammed cells are unknown, and there will be an increase in the cost of

obtaining PGCs due to the additional hormones required.

Lastly, identifying PGCs is an important aspect of PGC culture. Certain markers are
expressed on the surface of PGCs depending on the stage of their development. Staining of
embryonic mouse antigen 1 (EMA-1) and stage specific embryonic antigen 1 (SSEA-1) help
identify PGCs. These markers, however, are found to reduce by half at 2.5 days of
development. Dazl and VASA are germline specific markers and bind to the vasa gene
mMRNA and RNA binding proteins within the cell. These markers were shown to decrease by
25% after day 4.5 of development. In addition to these germ cell specific markers, PGCs can
also be identified by their large spherical shape (9-20um), nuclei and refractive cytoplasmic
lipid granules ®#" and RT PCR. RT PCR is, however, limited for the identification of PGCs
as often the markers used are not expressed at all stages and there are very few that do not
overlap with CEFs, which are commonly used as a feeder layer. Nonetheless, there are two
markers that are specifically detected in PGCs only, at most stages of development, and these

are integrin a6 and integrin p1%7.

In general, the method for establishing a line of PGCs to create a transgenic follows a
standard protocol. This includes extraction from either the blood or gonads of chicken
embryos, after which cells are cultured for a month. Cells can then be identified through
staining or RT PCR. PGCs then undergo some form of genome editing with a construct
containing an antibiotic resistance gene. After this, the cells are subject to selection and are
then re-implanted into a recipient embryo, usually into the gonads via the blood stream. The
diagram below (Figure 3) summarizes the general culture and downstream procedure for

PGCs, in the process of creating a transgenic protein bioreactor.
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Figure 3: Overview of the process of PGC culture and transgenic creation. PGCs are
extracted from embryos after which they are subjected to genome modification and antibiotic
selection. After this, PGCs are injected into the blood stream of embryos and edited chickens
are screened, bred, and crossed to yield expression of a therapeutic protein in the albumin.

This image was created with BioRender (2022). Based on sources 65,66,70,90-95.

1.5 Transfection methods for PGCs with naked constructs

Once PGCs are cultured to an appropriate density and a method of editing has been chosen,
the desired construct needs to be administered. Transfection of PGCs has been studied
extensively to achieve the optimal rates of transgenesis. Multiple methods have been
compared and improved upon to achieve this, but the two that stand out above the rest are

electroporation and lipofection.

One way in which transfection of PGCs can be accomplished is via adding lipofectamine to
the cell culture media. This is a lipid-based system that works by carrying the construct into
the cell when the polymer merges with the membrane. This has the advantage of being less
damaging to the cell than other methods, such as electroporation, however, it has been
demonstrated that lipofection only has a 17 % transfection efficiency®” which was
significantly less than that demonstrated for other methods such as electroporation®.
Transfection with transposons and lipofection was attempted to improve efficiency and was
shown to give a 60 % transfection efficiency of the construct®, however, the use of

transposons may not always be possible depending on the research being done.

Transfection with electroporation provides a more efficient alternative to lipofection and can

be accomplished with low voltage (approximately 240-250 V) pulses applied to cells to open
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pores in their membrane. This then allows constructs in the media to pass in and integrate
into the genome. There is, however, the downside that electroporation Kills a larger number
of cells than lipofection, but this is insignificant when compared to the number of transfected
cells that can survive downstream processing, such as selection with antibiotics. In addition
to this, it was demonstrated that electroporation of PGCs had a much higher transfection
efficiency, of 80%, compared to the 17% demonstrated for lipofection®’. A similar method to
electroporation, which allows for a more reliable transfection of cells, is nucleofection. This
is performed like electroporation except the media composition allows for construct passage
into the nucleus. The disadvantage to this method, however, is that it requires special

equipment, such as a nucleofector, which may not always be available %,

The other major advantage to using electroporation is that extensive research has been done
to improve the success of transfection with this method. DMSO (dimethyl sulfoxide) was
found to increase electroporation efficiency of PGCs by 2.2-fold when adding 1.25 % DMSO
to the electroporation mix. The exact mechanism of this is unknown but it is suspected that
the compound increases cell membrane permeability or aids in stabilizing the membrane after
electroporation, allowing for better recovery °’. Other researchers have also demonstrated that
PGCs subjected to electroporation and Percoll purification have the best transfection
efficiency compared to Percoll and lipofectamine 8. This is suspected to be due to the Percoll

removing unwanted cell debris which may interfere with electroporation pulses .

While PGC manipulation has been thoroughly researched, it is still multistep and suffers from
low efficiency. Combining injection, electroporation and lipofection it was demonstrated that
transposons could be injected into the sub germinal cavity of HH stage 1 embryos followed
by electroporation to promote insertion into PGCs. Additionally, DNA combined with
lipoplexes and highly concentrated carboxy methyl cellulose was injected into HH stage 1
and stage X embryos with an efficiency of over 20 % integration in PGCs 1%, Although
transfection efficiency with these methods is low, actual repopulation of the gonads with
edited PGCs from culture is comparable to that with traditional electroporation and
lipofection in whole embryos. These methods would eliminate the need for PGC culture, and

the multistep process involved in creating transgenics.

1.6 Sterilisation of chickens to remove native germ cells
Once edited PGCs are obtained, they need to be transplanted into a host’s gonads that are
sterile or partially sterile. Generating sterile recipients for edited PGCs is of high importance

as this will determine the success of repopulation efficiency as well as the number of edited
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offspring and edited gametes being passed down to the next generation. Multiple methods
exist for the sterilization of chickens such as exposure to y radiation, UV radiation, manual
removal of progenitor cells, busulfan treatment, and genetic sterilization. The choice of
method depends largely on the amount of research done, the cost it entails, and accessibility

to any necessary equipment.

Some of the less popular techniques have been phased out over the years due to cost and
inaccessibility. One of these techniques is sterilization with vy irradiation which works by
exposing unincubated eggs to a co-source and destroying stem cell like cells!®t, UV exposure
specifically blocks PGC migration to the germinal anlagen and, thus population of the
gonads'®. While this technique is relatively simple, as it is accomplished with a 5W lamp, it
produces considerable teratogenic effects. The use of a UV laser as opposed to a lamp source
was found to reduce the number of teratogenic effects as it is more precise, however,
equipment for this method is very expensive and accessibility is more limited %2, Other types
of sterilization include X ray exposure. Although this can have detrimental effects similar to
UV exposure, shielding embryos with lead can significantly reduce these. This additional
step, however, requires thin sheets of lead as well as specialized equipment like a soft X ray
apparatus (B-4:softex Tokyo Japan) 1. The last of the less popular techniques to acquire
sterilization is the manual removal of cells that form PGCs. This is done with a micropipettor
in the sub germinal cavity. While this in combination with UV exposure produces the best
viability in treated embryos (80%), compared to y radiation exposure (70 %) and has the best
depletion rate of native PGCs at 56 % compared to UV and vy irradiation (38 and 27 %,
respectively) 11, the equipment needed is highly specialized and the method is time

consuming.

Perhaps a more accessible, and cost-effective approach to sterilization is treatment with
busulfan. Busulfan is an alkylating agent commonly used to prepare the body for stem cell
transplant in leukemia patients. It stops the growth of cells and is nonspecific, however,
PGCs are shown to be particularly susceptible to its effects until 48 hours after egg
incubation %, Recent studies have shown that concentrations of 100pg busulfan in 50pl
sesame seed oil and DMF (N-N Dimethyl formamide) have the best ablation efficiency.
Survivability at day 7.5 at this concentration was significantly less (68%) than at 75ug (74%)
with significant decrease as incubation increased. In addition to this, hatchability was at 36%
and 41 % at 100 and 75ug, respectively. In addition to this, 100pg or higher was shown to be
highly teratogenic. For these reasons, 75pug is favored for sterilization%. While busulfan
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treatment was shown to better germline transmission rates, chimeras were still present after

ablation, thus, demonstrating that it is not a means of complete sterilization °2,

Research has also been done on the best way to administer busulfan to maximize PGC
ablation. The current standard is to use sesame seed oil as a carrier for busulfan dissolved in
DMF or DMSO. Sesame seed oil mimics the viscosity of egg yolk and DMF/DMSO
functions to dissolve busulfan which is otherwise insoluble. DMF and DMSO dissolve
busulfan in a similar way, however, DMSO has less detrimental effects than DMF. The speed
at which busulfan is released into the yolk can also be controlled. Sustained release busulfan
treatment differs from immediate release by the time it takes for the busulfan to dissolve into
the yolk. For sustained release, busulfan is dissolved in DMF which is further diluted in PBS
and emulsified in oil. As busulfan is not soluble in PBS it takes longer for it to penetrate
through the yolk. Immediate release contains busulfan dissolved in DMF and emulsified in
oil. It was found that after injection into the yolk, busulfan short release emulsion reached the
embryo immediately as it rose to the top of the subgerminal cavity as it was more lipophilic,
and the sustained release emulsion was delayed. While sustained release removed more
PGCs, and had the same survivability as short release, there were more teratogenic effects
than in the short release treated embryos. Neither of the methods had a better re-population

efficiency than the other'%4 %,

Time of busulfan administration was also demonstrated to have an effect on the ablation
efficiency and morphology of the embryo. Treatment at 0 hours of incubation opposed to at
24 hours of incubation was found to reduce the number of PGCs more even though
survivability decreased. Survivability was 10 % less but hatchability was similar between the
two injection times at 3 %. There were also only 1 % less teratogenic effects compared to 24
hours of incubation. The number of circulating PGCs (cPGCs) in the blood of 0 hour treated
embryos was significantly less than 24 hour treated embryos and donor PGCs were
significantly more in O hour treated groups due to the fact that busulfan is suspected to have
been degraded by the 48 hour mark in 0 hour treated embryos where as in the 24 hour treated
embryos, residual busulfan may kill off any re-injected PGCs at stage 14, To avoid these
effects of residual busulfan traces, researchers demonstrated that busulfan resistance can be
induced in PGCs in vitro. They expressed human glutathione s transferase (mgstll) in PGCs
which conferred resistance to 1um - 4um concentrations of busulfan. This also aids in
repopulation efficiency as cells can be selected for in culture to reduce the number of

unedited PGCs that may have escaped selection with an antibiotic marker %7,
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The most recent and effective means of sterilization demonstrated, was genetic sterilization
induced in hens and roosters. ICaspase 9 male chickens were created by placing ICaspase9 or
human caspase 9 fused to the FK506-binding protein (FKBP) in the 3"-end of the Dazl gene
through HDR. Fusion of the truncated human form of Caspase9 to FKBP allows for the
dimerization and activation of ICaspase 9. Dazl is a germ cell dependent marker that is highly
expressed in migratory and gonadal PGCs. The action of ICaspase 9 is induced by exposing
embryos to ap20187 which leads to apoptotic cell death and removal of PGCs. In females the
dead box protein 4 (DDX04) gene is knocked out to produce genetically sterile hens that can
lay eggs from donor PGCs 1%, It was also recently demonstrated how this can be used to
biobank and aid in conservation efforts for avians if gonads are harvested and cryopreserved

to serve as the donor cells for these sterile carriers 19°:11°,

1.7 A word on Hemophilia B and Human FIX as a therapeutic

Overall, the methods described above highlight a means to creating a more affordable
expression system for therapeutic proteins. In this project in particular, human FIX is the
target of expression. Human FIX is a serine protease as it functions as a clotting factor in the
clotting cascade. It is used to treat Hemophilia B (HB) by replacing missing or non-functional
FIX. The cost of treatment for severe — moderate HB is approximately 21-22 million USD for
a lifetime in one adult 1. HB is usually treated with prophylaxis with FIX (Benefix/nonacog
alfa) where it is administered weekly in severe phenotypes or when necessary, in mild
phenotypes. In addition to being relevant for HB treatment, FIX is also used as a clotting
factor treatment for post operative and post trauma bleeding, which are some of the leading
causes of death worldwide®. FIX was traditionally harvested from human plasma, however,
due to the risk of contaminating viruses it is now produced in CHO cells from where it

undergoes chromatography for purification and viral inactivation*'1°,

HB is determined by mutations on the X chromosome in which the FIX protein is rendered
nonfunctional or completely missing. It occurs in 1 in 40000 people and over 1000 causative
mutations have been characterized which can influence the severity of the phenotype of the
disease. More specifically, point mutations result in HB Leiden, which is characterized by a
severe phenotype, as well as missense, nonsense and, silent mutations which affect the
availability, stability, activation, and function of FIX and result in moderate to severe
phenotypes!? 114116 The main characteristics of a mild phenotype include significant
bleeding after operation or injury, moderate phenotypes include bleeding after minor trauma
and severe phenotypes include sporadic and heavy bleeding. Symptoms range from
hemarthrosis, hematoma, cerebral hemorrhage, arthropathy to loss of limbs or life 17
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The structure of FIX lends itself to the protein’s function and, thus its mechanism in HB. The
FIX protein is encoded by the F9 (factor 9) gene which contains 8 exons. F9 spans 34kb on
the X chromosome. The final 55KDa protein encoded is 461 a.a long with an N terminal
signal peptide, propeptide, GLA domain, two EGF like domains and a linker sequence, an
activation peptide, and a serine protease domain. The Signal peptide and propeptide are
cleaved to form the mature FIX protein and the activation peptide is cleaved to form the light
chain and heavy chain (a serine protease linked by disulfide bond). FIX is synthesized in the
liver and from here it undergoes post translational modifications such as glycosylation,
sulfation, carboxylation, and phosphorylation. The propeptide region is responsible for
carboxylation as it binds FIX to the endoplasmic reticulum (ER). The propeptide has a
hydrophobic region that stops translation in the cytosol, thus, needs to be removed for mature
FIX to form. The GLA domain helps membrane binding occur during clotting and tissue
factor (TF) binding which prompts conversion to active FIX (FIXa) after the activation
peptide is cleaved off. The EGF domains interact with TF which is of importance in the final

steps of the clotting cascade®!8 116,

Due to the causative mutations of HB, FIX's function in the clotting cascade is affected.
Normally, TF proteolysis of FIX converts it to FIXa after which it functions as a serine
protease in which it cleaves FX to eventually signal fibrin clot formation and activate
platelets at the site of injury. The EGF2 domain of FIX binds to the platelet membrane and
fVlla and FX to assemble the FIXa-FVIla complex which activates platelets. FIXa also
cleaves out the activation peptide of FIX through interaction with its EGF1 domain. The
signal peptide on FIX allows for a FX recognition site, heparin binding site and binding to
FVIllato gain full activity. FIX is usually activated by TF or FXI, however, due to a change
in amino acid residues caused by Hemophilia B mutations, FIX can no longer function to
sever FX to form FXa which binds to fVIlla as a co-factor and which eventually converts

prothrombin to thrombin forming crosslinked fibrin 18119,
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1.8 Aim and objectives

This project aims to transfect chicken PGCs with a human clotting factor 9 gene drive, ablate
native PGCs in chicken embryos, and assess repopulation of chicken gonads with edited
PGCs.

Objective 1: Construct the gene drive necessary to insert FIX under the albumen genes in
domestic chickens. The baseline gene drive was already synthesized by GenScript, however,
Factor 9, the Sycpl meiosis-specific promoter (synaptonemal complex protein 1), homology

arms, and antibiotic resistance genes, needed to be added.

Objective 2: Establish the concentration necessary for antibiotic resistance selection of

PGCs. This will be accomplished using neomycin and puromycin Kill curves.

Objective 3: Determine the necessary ablation concentration for eliminating native PGCs in
embryos. This will be determined through immunohistochemical staining (IHC).

Objective 4: Establish a line of primordial germ cells and transfect them with an OVA and
OVM targeting FIX gene drive. This will be accomplished using electroporation and

lipofection.

Objective 5: Assess repopulation of embryo gonads with edited PGCs. Ablated embryo
gonads will be repopulated with PGCs containing an Red Fluorescent Protein (RFP)

expressing tracer construct.
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2. Methods

2.1 Bioinformatics

All primers designed were run through Primer-BLAST (NCBI) against the necessary gene
drive to identify any possible off targets. After it was clear that the primers designed had no
off-targets, the sequences were run through the Integrated DNA Technologies (IDT)

OligoAnalyzer tool (https://eu.idtdna.com/calc/analyzer) to identify any hairpin structures or

self/hetero dimer structures that may present an issue. A delta G greater than -9 kcal/mole

would deem the primer unacceptable and would, thus need to be redesigned.

Sequencing was done by Ingaba Biotechnology or GenScript and results were analysed using
MUSCLE (Multiple Sequence Comparison by Log-Expectation) alignment in MEGA X 120
and represented in SnapGene (2022). All plasmids were provided at a final concentration of
50 ng/ul for Ingaba Biotechnology and a minimum of 4 ug was blotted onto sterile filter

paper for GenScript.

2.2 Construction of the gene drive
2.2.1 Bacterial culture and plasmid extraction

2.2.1.1 Practices for intermediate cloning steps
Firstly, the two constructs needed to target the OVA and OVM loci, to induce expression of

therapeutic FIX in the albumin, had to be grown in Stbl E. coli and plasmid extracted. These
gene drives already contained some modifications that were made to the original construct,
synthesized in the pUC19 backbone by GenScript, however, additional changes were
required to ready the constructs for transfection. After each change was induced in the
various gene drives, through restriction digest and ligation, bacterial culture and plasmid

extraction was used to prepare the construct for the next round of modification and cloning.

For the transformation and liquid culture of gene drives, 100 ng of the gene drive was
transfected into Stbl E. coli by adding the plasmid to 20 pl of cells and placing the cells on ice
for 30 minutes. The cells were then heat shocked at 42 °C for 30 seconds in a preheated water
bath. The total 20 ul of transformed cells was then plated on an ampicillin plate (100pug/ml)
and allowed to grow overnight at 30°C. Colonies were selected the next day and placed into 5
ml of liquid broth containing 100 pg/ml ampicillin. These were left to shake at 180 rpm,
overnight, at 30 °C.
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Next, plasmids from liquid cultures were extracted using an alkaline-lysis method. Liquid
culture, at 6 mls, was spun down at 17000xg for 30 seconds. Ice cold resuspension buffer
(composition: 50 mM glucose, 25 mM Tris-Cl (pH 8.0), 10 mM EDTA (pH 8.0)) was then
added at a volume of 250 pl and the pellet was resuspended by pipetting up and down. Lysis
solution (composition: 0.4 N NaOH, 1% wi/v SDS) was added next at 300 ul and the tube was
inverted 5 times and allowed to sit on ice for 2 minutes. Next, 400ul of ice-cold neutralization
buffer (5 M potassium acetate and 11.5 % glacial acetic acid from 100 % stock) was added
and the tube was inverted until white precipitate formed. This was spun down for 5 minutes
at 17000 xg. The supernatant was then transferred to a new tube and an equal volume of 100
% isopropanol was mixed in by inverting 5 times. The samples were placed at -80 °C for 30
minutes and after incubation, the samples were spun down for 5 minutes at 17000 xg. After
this, the supernatant was completely removed, and the pellet was resuspended in 250 ul TE
buffer (composition: 1 M Tris, 0.5 M EDTA pH 8.0) containing 20 ug/ml RNase A. RNase A
treatment was performed over 1 hour at 37 °C in a heating block. After treatment, 600 pl of
0.2 M potassium acetate isopropanol (Composition: 100 % isopropanol, 5 M potassium
acetate) was added to the TE RNAse mixture and the sample was vortexed briefly. Tubes
were then spun for 5 minutes at 17000 xg. The supernatant was removed, and the pellet was
washed with 70 % ethanol. Once the remaining ethanol was removed, the pellet was allowed
to dry at 37 °C in a heating block for 5 minutes. Pellets were then resuspended in TE buffer
and the concentration of the extracted plasmid DNA was measured using a Nanodrop One

(Thermo Fisher Scientific).

2.2.1.2 Practices for prepping final constructs for transfection
In order to prepare endotoxin free samples of the constructed gene drives necessary for PGC

transfection, the PureYeild Plasmid Midiprep kit from Promega was used (A2495). In
addition to the two final gene drive constructs, it was also necessary to prepare samples of the
mRFP-Tol2 plasmid designed by Zane Oberholzer and the Esp-Cas9 general expression
construct. The RFP tracer construct was needed to visualize repopulation and transfection in
PGCs. The Esp-Cas9 general expression construct was needed to allow for Cas9 expression
upon transfection of PGCs with the gene drives as the final gene drives contain the Sycpl

promoter, preventing expression of Cas9 until the cells enter meiosis in vivo.

Briefly, fresh transformants for each of the constructs were plated and transferred to a 250
ml liquid culture in Terrific Broth (See recipes 1). This was allowed to shake at 250 rpm for
24 hours at 30 °C. The OD (optical density) was measured until it reached 2, using a

spectrophotometer. Next, 125 pl of liquid culture was spun down in bottles at 5000 xg for 10
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minutes. The pellet was resuspended in 6 ml of cell resuspension buffer and 3 ml of the cell
suspension was mixed with an equal volume of cell lysis solution. This was kept at room
temperature for 5 minutes with constant inverting. Next, 5 ml of neutralisation solution was
added, and the tube was inverted until the solution was completely neutralised. This was

confirmed when the lysate turned clear.

The lysate was then centrifuged at 15000 x g for 15 minutes and transferred to the clearing
column and a vacuum was applied to pull the lysate through the clearing and binding
columns. Endotoxin removal wash was added at a volume of 5 ml to the binding column and
removed with a vacuum. Column wash was then added at 20 ml and similarly removed from
the column. The column was allowed to vacuum dry for 2 minutes until no ethanol residue
was left. The sample was then vacuum eluted into a 1.5 ml tube using 600 pl of DNA elution

water.

In order to concentrate the plasmids to over 1 ug/ul, which is necessary for optimal
transfection, 1/10" volume 3 M sodium acetate and 2.5 volumes 95 % ethanol were added to
the eluted DNA and mixed by inverting. The tube was then placed at -80 °C for 30 minutes
after which the sample was spun at 14000 xg for 10 minutes. Seventy percent ethanol was
then added to the pellet and spun at 14000 xg for 20 minutes. After this, ethanol was
removed, and the pellet was dried at 37 °C for 5 minutes. Finally, the sample was
resuspended in 100 ul elution water, and the concentration was measured with a Nanodrop
One (Thermo Fisher Scientific).

2.2.2 Digestion and ligation of gene drive fragments

2.2.2.1 Cloning and check digests
After plasmids were extracted, they would undergo restriction digest depending on what

needed to be inserted. Digested products were then either gel extracted, or PCR purified and
after undergoing ligation, the extracted plasmids were always cheaper digested with various
enzymes, usually the cloning enzymes, to confirm the presence of the desired insert. All
downstream incubations were done in the T100 thermocycler (Bio-Rad), and all gels were
viewed with the GelDoc XR imager (Bio-Rad). All digests, whether it be for gel extraction or
visualisation, were mixed with 50 % purple loading dye and loaded onto a 1 % agarose gel,
stained with ethidium bromide. In the case of each digest performed, the enzymes used were
supplied by New England Biolabs and the buffer used was the one that came with the
relevant enzyme. The reaction set-up and conditions for both digestions for cloning and
checking are described in the table below (Table 2). Once all the necessary changes had been

made in the gene drive, the final OVA and OVM gene drives were digested with Pacl,
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separately, in order to linearize the constructs for easier integration into the PGCs. Digests
were performed as previously described and two 50 ul reactions of 10 ug each were pooled
and purified according to the Monarch PCR clean-up kit (NEB T1030S) described below in
section 2.2.4.2.

Table 2: Reaction set up for all restriction digestions. The reaction conditions for products
needed for further cloning as well as check digests required to confirm the successful

insertion of fragments post-cloning, are indicated under each relevant heading.

Digests for further cloning

Component Amount Incubation time at
37°C
Buffer (Cutsmart 5ul Overnight

Buffer supplied with
the enzyme)

Enzyme 1 ul (each)

Sample 5 ug

Water Up to 50 pl

Check digest

Buffer (Cutsmart 2.5 ul 1 hour

Buffer supplied with
the enzyme)

Enzyme 0.2 pl (each)
Sample 1ug
Water Up to 25 ul

2.2.2.2 Ligations
In order to set up the necessary ligations required for cloning in the various fragments into the

gene drive constructs, the concentration of gel extracted, or PCR purified product, was
determined using a nanodrop. The reaction conditions for all ligations, except the NEBuilder
ligation, are set out in the table below (Table 3) and all reactions were mixed thoroughly by
pipetting up and down after set-up. The NEBIo calculator (version 1.15.0) was used to

determine the amount of insert required for 100 ng of vector in a 3:1 ratio.

Table 3: Reaction set up for ligations peformed for the insertion of various fragments into the
gene drives. This protocol is the same for all insertion steps except the antibiotic resistance

genes, which are accomplished with NEBuilder.

Component Amount Incubation time at room
temperature
Buffer (NEB M0202) 2 ul 1 hour
Ligase (NEB M0202) 1ul
Vector 100 ng
Vector: insert ratio 31
Water Up to 20 pl
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2.2.3 NEBuilder construction of the antibiotic resistance genes

2.2.3.1 Primer design for NEBuilder
One of the changes to be made to the gene drive constructs was to insert a different antibiotic

resistance gene in each. For this, neomycin resistance was chosen for the OVM gene drive
and puromycin resistance for the OVA gene drive. Two different resistances would allow for
the separate selection of each gene drive within a single cell. The primers for the assembly of
the neomycin and puromycin resistance genes (Table 4) were designed using the NEBuilder
Assembly Tool (version 2.6.1). Annealing temperatures were approximately 60°C and the
overlaps between various fragments were the maximum allowed for the NEBuilder HiFi
DNA Assembly Cloning kit (E5520S), at 20bps for each overlap. Primers were synthesized

and cartridge purified through Ingaba biotechnology. Primer sequences were as follows:

Table 4: Primers used to amplify the various fragments for NEBuilder assembly of the
antibiotic resistance genes for neomycin and puromycin. The primer sequence as well as the
primer direction and designated symbol are given in the first 3 columns. The fragments that
are joined are described in the “function” column and the size of the fragments generated is
described under “target size”. GD is short for gene drive, Puro is short for Puromycin, and
Neo is short for Neomycin. Fwd indicates the forward primer and Rev indicates the reverse
primer. The amplified fragment that is produced from primer pairs is given under the full
fragment amplified column. * Primer B1 and D1 pair to produce the full neomycin fragment
of 1349 bps. 3" UTR is the 3" UTR for the anitbiotic resistance gene and SV40 is the

promoter.
Symbol  Direction Taraet Full
Primer sequence 5°-3° Function g fragment
size o
amplified
A2 Fwd TGTCTTCTTGACGAGCATTCGAC 3 UTR+
TCTGTCACCGGACTG GD 642
A2 Rev CTGGTTCTTTCCGCCTCAGAGCC 3 UTR+ 3"UTR
TCTATTGTGTGCACTT sv40
B1* Fwd AAGTGCACACAATAGAGGCTCT 3 UTR+
GAGGCGGAAAGAACCAG SV40 397/13  Sv40/Neo*
B2 Rev TTT sv40 + 97*
GCAAAAGCCTAGGCCTC
C1 Fwd GAGGCCTAGGCTTTTGCAA sv40 +
912
C2 Rev TCGGCAGTGCCTGAAGGAGCGG GD + Puro
cC
D1* Rev TCGGCAGTGCCTGAAGGAGCGG Neo +
CCCACACAAAAAACCAACACAC 1357 Neo*
AGA GD
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2.2.3.2 PCR amplification of the various fragments needed
Next, the important fragments needed to assemble the antibiotic resistance genes were PCR

amplified. The sv40 promoter was obtained from a neomycin cloning vector (Figure 4B).
Additionally, puromycin, neomycin as well as their respective poly adenylation signals
needed to be amplified and isolated from the relevant plasmids (Figure 4A and B,
respectively). The 3° UTR from the CRISPR gene drive stock also had to be amplified as it
was removed during the excision of zeocin resistance from the stock gene drive (Figure 4C).
All these vectors were already available in the lab. The 3° UTR of Cas9 then needed to be
placed upstream of the neomycin and puromycin resistances as previously it was behind
IRES and the zeocin resistance, which was removed when the gene was excised. All PCR for
the various fragments was done using Q5 DNA polymerase (NEB M0491) in a T100
thermocycler (Bio-Rad) (Table 5). PCR reactions were set up as follows: 10 ul 5X reaction
buffer was added to a PCR tube with 1 pul dNTPs, 2.5 ul 10 uM forward and reverse primer,
10 ng DNA, 0.5 ul enzyme and water to 50 ul. The PCR conditions for amplifying the
NEBuilder fragments were as follows:

Table 5: PCR conditions for the various NEBuilder antibiotic resistance gene fragments
amplified with Q5 DNA polymerase. The relevant fragment being amplified under certain
conditions is indicated under the “fragment” column. For all fragments, denaturation,
annealing and cycle number are the same. SV40 is the resistance gene promoter, 3° UTR is
the untranslated region of the gene and Neo and Puro are short for neomycin and puromycin,

respectively.

Fragment Denaturation  Denaturation Annealing Extension time Cycles
(s)
Sv40 98°C 98°C 72°C 11.91 30
30s 10s 30s
3" UTR 19.26
Neo 41.91
Puro 27.36

These fragments for neomycin and puromycin resistance were then joined with overlap
extension PCR using the same Q5 protocol described above and modified for an extension
cycle (Table 6). Antibiotic resistance genes had to be joined before insertion into the gene
drive due to the fact that the NEBuilder kit had a limit on the number of pmol of inserts that
could be included, thus, joining the entire fragment was necessary as it helped the insert fall
within the pmol limits given within the kit. Exceeding or falling short of the recommended
limits would have resulted in a ligation with low efficiency.
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All reactions were initially allowed to run for 7 cycles without the addition of primers or the
final extension at 72 °C and the cool down step at 14 °C. These 7 cycles allowed for the
annealing of the different fragments at the overlapping sections created by the NEBuilder
primers (Table 4). After this initial annealing step, primers were added, and the reaction ran

for 15 cycles, according to the conditions below, in order to amplify the necessary genes:

Table 6: PCR conditons for overlap extension PCR for joing the individual puromycin
resistance fragments and individual neomycin resistance fragments. This step is necessary to
make a complete antibitoic resistance fragment for each before inserting it into the gene

drive. For each procedure, the denaturation, anealing and cycle number are the same.

Product Primers  Denaturation Denaturation Annealing Extension Cycles
Neomycin A2+ D1 98°C 98°C 72°C 58.5 15
(Table 4) 10s 30s 30s
Puromycin A2 +C2 56.3
(Table 4)

These fragments that had been joined to create the full length puromycin and neomycin
resistance genes were then mixed with 50 % purple loading dye, run on a 1 % agarose gel

stained with ethidium bromide and gel extracted as described below in section 2.2.4.1.

2.2.3.3 Nebuilder ligation and transformation
Neomycin and puromycin fragments were then combined with the gene drives digested for

Avrll and Notl, in the NEBuilder ligation reaction. The reaction was set up as follows; 2 pl
enzyme, 5 pl buffer, 50 ng vector and insert in a 1:2 vector:insert ratio. The NEBio Calculator
(version 1.15.0) was used to determine amount of insert. The reaction was made up to a final
volume of 20 pul with water and allowed to incubate at 50°C for 1 hr. This was transformed
into Stbl E. coli cells. The transformation reaction took place as follows; 2 ul of ligation was
added to 50 pl of Stbl competent cells, this was then swirled gently with a pipette tip. Cells
were placed on ice for 30 minutes before heat shocking at 42 °C for 30 seconds. After this,
the cells were placed back on ice for 5 minutes and were mixed with 900ul NEB stbl/10 beta
outgrowth media (NEB 9035S) and put in the shaking incubator for 1hr at 30°C and 250rpm.
300yl of the transformed cells were then plated and left to grow at 30 °C overnight. The
colonies were then grown in liquid culture and the plasmid DNA extracted as previously

described in section 2.2.1.1.
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Figure 4: The original plasmids (A, B and C) used to amplify the necessary fragments to
create the final Neomycin and puromycin resistance genes that were inserted into the OVA
and OVM gene drives, respectively ( D and E). The 3" untranslated region is indicated by the
3" UTR (C), the promoter for the antibiotic resistance by SV40 (B) and the poly A tail by PA
(In A or B the PA is joined to the antibiotic resistance gene). Plasmid A contains the
puromycin resistance gene and B contains the neomycin resistance gene. CMV indicates the
general cytomegalovirus promoter, Ori is the origin of replication and IRES is the internal

ribosome entry site.

2.2.4 Gel extraction and PCR cleanup for the purification of gene drive fragments

2.2.4.1 Gel extraction
In order to isolate the necessary fragments needed for downstream ligation reactions, gel

extraction and purification was performed using the Zymo clean gel DNA recovery kit
(Zymo research D4007/D4008). Gel purification was the chosen method of extraction in
instances where the excised product size was above 20 bp, which is the limit for the alternate
extraction protocol, PCR purification. Briefly, a blade was sprayed with ethanol and flamed.
The gene drive fragment was then excised from the gel with the aid of a Dark reader,
transilluminator. The gel fragment was placed in a 1.5 ml tube and weighed. Three volumes
of binding buffer were added to the tube and the fragment was allowed to melt at 50 °C for 30
minutes or until the melted agarose had no solid chunks or strands visible. 1 volume of water
was then added if the excised fragment was greater than 8kb. The dissolved agarose was
loaded into a binding column and spun at 16000 xg for 1 minute. Wash buffer was added at a
volume of 200 pul, and the sample was spun at 16000 xg for 30 seconds. This step was
repeated after which the binding column was placed in a clean 1.5 ml tube. Finally, elution

buffer, preheated to 70 °C, was added to the column in two steps of 6 ul with a one-minute
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wait before spinning for 1 minute at 16000 xg. Concentration was determined with a

nanodrop.

2.2.4.2 PCR clean-up
In the case where any small fragments were removed from the gene drive (~ 20 bps), such as

in the case of the homology arm digestion, the gene drive was PCR purified using the
Monarch PCR clean-up kit (NEB T1030S) instead of being gel extracted. When PCR
purification could be used instead of gel extraction it was always ideal as this method reduced
the loss of DNA after purification and, thus made ligations more efficient. Briefly, binding
buffer was added in a 2:1 volume ratio to the digested sample which was then spun through a
collection tube at 16000 xg for 1 minute. The column was then washed twice with 200 pl
wash buffer and spun for 1 minute to remove the buffer. Two steps of 6ul of elution buffer
were passed through the column into a clean 1.5 ml tube. Elution in a two-step process was

found to better the yield of DNA from the column.

2.2.5 Order of cloning

A brief overview of the various cloning steps performed to construct the final gene drives
necessary for PGC transfection and future protein expression, is outlined below (Figure 5). In
each case of the two gene drives that target different loci, different changes had to be made
depending on what was already contained within the gene drive. The OVM targeting
construct already contained Sycpl cloned in by a PhD student and the OV A targeting gene
drive already contained the OVA homology arms as these had to be included before antibiotic

resistance insertion.

+ FIX + FIX
+ssOVM gRNA
+ Syepl cassette
+ Puromycin . _
resistance + Neomycin resistance
Midiprep + Homology arms

Midiprep
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Figure 5: Brief overview of the cloning strategy used for the OVM, and OV A derived gene
drives. Each step with a + indicates a new addition to the gene drive and the final step is the
point at which the gene drive is midiprepped for transfection. The dark grey boxes at the top
are the original OVA and OVM gene drives that already contain the homology arms and

OVA gRNA cassette, and the Sycpl promoter, respectively.

For the purpose of this report, a series of nomenclature was designed to keep track of the
gene drives (Table 7) as the different changes were made. All changes were made to a gene
drive that was originally synthesised by GenScript, in the pUC19 backbone and provided as a

stab culture.

Table 7: Nomenclature used to represent the gene drive at each cloning step and what change
was implemented in the gene drive. Changes are described under the “addition description”
column and are incorporated into the nomenclature as a shorthand form of the word indicated
under the “symbol column”. The changes to the gene drive names can be followed under the
OVM and OVA derived gene drive columns. Changes are represented from earliest at the top
of the table to latest at the bottom of the table. In each case of the OVM and OVA gene drive
column, the starting point for this project is indicated by * and the final gene drives are
indicated by **.

OVM derived gene  OVA derived gene Addition description Symbol
drive drive
OVM-Syc OVA-HA Starting point* Syc/HA

Already contains Sycpl and
OVA HA, respectively.

OVM-Syc-FIX OVA-HA-FIX FIX coding sequence FIX
OVA-HA-Syc-FIX Sycpl promoter Syc
OVM-Syc-FIX-ss sSOVM gRNA cassette SsS
OVM-Syc-FIX-ss-  OVA-HA-Syc-FIX- Neomycin and puromycin Neo/Puro
Neo Puro** resistance genes for OVM and
OVA, respectively.
OVM-HA-Syc- The 5" and 3° OVM homology HA
FIX-ss-Neo** arms.

2.2.5.1 Insertion of FIX and Sycpl
The original OVM-Syc and OVA-HA gene drives were digested with Mlul (R0198S) and Sall

(R0O138S) to remove the Tenecteplase coding sequence, which the gene drives were
synthesised with, and replace it with the FIX coding sequence that was obtained in my
Honours year. When the sequence was amplified from HepG2 cell RNA in 2020, a His-Tag
was included on the 3 end of the FIX coding sequence. This was different from the traditional

appendage to the 5° end as the end of the protein is removed during its functional pathway in
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the clotting cascade. The human FIX sequence is required for future protein expression

within PGC cells implanted in chickens.

In addition to the removal of Tenecteplase from the gene drive, the FIX sequence contained
in the cloning plasmid, pMini T 2.0, was also digested with Mlul (R0198S) and Sall (R0138S)
and gel extracted as explained above. This together with the two gene drives devoid of the
Tenecteplase sequence, were placed in separate ligation reactions. After incubation, the
ligation was transformed into Stbl E. coli, grown in liquid culture and plasmid extracted.
After extraction, the desired insert in both OVA-HA-FIX and OVM-Syc-FIX was confirmed
through restriction digest using the enzymes Mlul and Sall.

Next, Sycpl, which is the meiosis-specific promoter needed for meiosis-specific expression
of Cas9 in PGCs in vivo, was inserted into the OVA-HA-FIX gene drive using enzymes Spel
(NEB R3133) and Xhol (NEB R0146S). The promoter only had to be inserted in the case of
the OV derived gene drive, as the OVM derived gene drive already had the promoter cloned
in. This step was necessary to remove and replace the CMV promoter already contained in
the gene drive as this promotes general expression of Cas9. A check digestion was then done
on OVA-HA-Syc-FIX after insertion, using Spel (NEB R3133) and Xhol (NEB R0146S), to
confirm the presence of Sycpl. The Sycpl fragment did not need to be extracted from a

cloning plasmid as there was already gel extract available in the lab.

A visual aid demonstrating the cloning procedure (Figure 6, 7 and 8), which includes
restriction digest and ligation, to create the OVA-HA-Syc-FIX and OVM-Syc-FIX gene
drives, is provided below. These figures detail the insertion of the FIX sequence and Sycpl
into the OVA-HA gene drive and the insertion of FIX into the OVM-Syc gene drive.
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Figure 6: Cloning step for insertion of FIX into the OVA-HA gene drive. This figure
demonstrates the digestion and ligation steps required to insert FIX into the relevant gene

drive.
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Figure 7: Cloning step for insertion of Sycpl into the OVA-HA-FIX gene drive. This figure
demonstrates the digestion and ligation steps required to insert Sycpl into the relevant gene

drive. In this case, Sycpl was already provided as gel extract and did not need to be removed

from a cloning plasmid.
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Figure 8: Cloning step for insertion of FIX into the OVM-Syc gene drive. This figure
demonstrates the digestion and ligation steps required to insert FIX into the relevant gene
drive. In this case, FIX was already provided as gel extract as it was extracted previously as

seen in Figure 6.
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2.2.5.2 Insertion of the ssOVM gRNA cassette
In order to replace the OVA, OVM and OVT gRNA cassette present in the original OVM

gene drive, the OVM derived gene drive was digested with Bstell (NEB R3162S) and Notl
(NEB R0189S). Replacing the old gRNA cassette in the case of the OVM-Syc-FIX gene
drive was necessary as originally both gene drives contained a cassette that had gRNAs to cut
at OVA, OVM and OVT, as this formed part of the original project plan. If all three gRNAs
were kept in the gene drive, they would have caused unnecessary cutting at loci that were no
longer the target. The OVA-HA-Syc-FIX gene drive already contained the OVA gRNA
cassette, however, the OVM-Syc-FIX gene drive needed to be fitted with a new ssOVM
(spidersilk OVM) gRNA cassette. The ssOVM cassette differs from that of the OVA gRNA
cassette as it contains additional tRNA sequences that are important for a different project

that is running in the lab that focuses on producing spider silk In Ovo.

The insertion of the gRNA cassette had to occur before the insertion of the Neomycin
resistance gene as the restriction site of Notl is not conserved in the NEBuilder primers and
would, thus be unusable after resistance cloning had taken place. Digests were also set up on
the pUC19 cloning plasmid, which contained the ssOVM cassette, using enzymes Bstell
(NEB R3162S) and Notl (NEB R0189S). All the fragments were then gel extracted and
ligated as explained for previous cloning experiments. The ligation was then transformed into
Stbl E. coli and liquid cultures were plasmid extracted. The desired insert was then confirmed
using Bstell and Notl to digest the final plasmid (OVM-Syc-FIX-ss ) for the sSSOVM cassette.

A visual aid demonstrating the cloning procedure (Figure 9), which includes restriction digest
and ligation, to create the OVM-Syc-FIX-ss gene drive, is provided below. This figure details
the insertion of the ssOVM gRNA cassette into the OVM-Syc-FIX gene drive.
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Figure 9: Cloning step for insertion of the ssOVM gRNA cassette into the OVM-FIX-Syc
gene drive. This figure demonstrates the digestion and ligation steps required to insert the

cassette into the relevant gene drive.

2.2.5.3 Puromycin and neomycin resistance insertion
In order to select for PGCs that had successfully taken up the gene drives upon transfection,

the construct required a different antibiotic resistance gene for the OVA-HA-Syc-FIX gene

drive and the OVM-Syc-FIX-ss gene drive, especially if the activity of these constructs was
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to be assessed separately. In addition to this, the original antibiotic resistance gene (zeocin)
placed in the gene drive needed to be replaced as its mechanism of action might have been

detrimental to future embryos’™.

Using the NEBuilder HiFi DNA Assembly Cloning kit (New England biolabs E2621S) and
restriction digestion, neomycin and puromycin resistance genes were inserted into the two
separate gene drive constructs. Firstly, constructs were digested with Avrll and Notl
overnight (R0174S and R0189S) to remove the zeocin resistance gene fragment. Gel
extraction was then performed followed by ligation of the gene drives with the fully
amplified resistance genes in section 2.2.3.2. Check digests were then run on the edited gene

drives to confirm insertion of the desired fragment using the enzymes of Xhol and Bstell.

A visual aid demonstrating the cloning procedure (Figure 10 and 11), which includes
restriction digest and ligation using the NEBuilder HiFi enzyme, to create the OVM-Syc-
FIX-ss-Neo and OVA-HA-Syc-FIX-Puro gene drive, is provided below. This figure details
the insertion of the the neomycin and puromycin resistance genes into the OVM-Syc-FIX-ss

and OVA-HA-Syc-FIX gene drives, respectively.
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Figure 10: Cloning step for insertion of the puromycin resistance gene into the OVA-HA-
FIX-Syc gene drive. This figure demonstrates the digestion and ligation steps required to
insert the resistance gene into the relevant gene drive. The puromycin resistance gene was
obtained from PCR amplification in section 2.2.3 and the overlapping regions complementary

to the gene drive on the 5" and 3" end allow for ligation.
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Figure 11: Cloning step for insertion of the neomycin resistance gene into the OVM-FIX-
Syc-ss gene drive. This figure demonstrates the digestion and ligation steps required to insert
the resistance gene into the relevant gene drive. The neomycin resistance gene was obtained
from PCR amplification in section 2.2.3 and the overlapping regions complementary to the

gene drive on the 5™ and 3" end allow for ligation.
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2.2.5.4 Cloning of the homology arms onto the OVM GD
In order to attach the 5" and 3° homology arm sequences to the OVM-Syc-FIX-ss-neo gene

drive, that are necessary for allowing HDR integration into PGCs in future transfection
experiments, the gene drive was digested using Nhel (R3131S) and Asisl (R0630S). This
fragment was then PCR purified instead of gel extracted. The 5°-homology arm was then
digested out of the pUC 19 plasmid using Nhel and Asisl and was ligated into the gene drive.
Check digests were performed using the cloning enzymes before digesting the gene drive for
Pacl (R0547S) and Bstell to insert the 3 -homology arm. The gene drive was again purified
using PCR cleanup and the 3 -homology arm was similarly digested and gel extracted from
the pUC19 cloning vector. The ligation and transformation procedures were the same as for
all other cloning. The successful insertion was confirmed using the cloning enzymes Pacl and
Bstell. Homology arms only needed to be cloned onto the OVM-HA-Syc-FIX-ss-neo gene
drive as the OVA-HA-Syc-FIX-puro gene drive was provided with homology arms. It was
crucial that the OVA homology arms were cloned on before insertion of puromycin as the
puromycin resistance gene contains a duplicated site for Bstell. Similarly, for the OVM
homology arms which had to be cloned on after insertion of the Neomycin fragment as the
gene contained the Avrll site.

A visual aid demonstrating the cloning procedure (Figure 12), which includes restriction
digest and ligation, to create the OVM-HA-Syc-FIX-ss-Neo gene drive, is provided below.
This figure details the insertion of the 5° and then 3° homology arms into the OVM-Syc-FIX-

ss-Neo gene drive.
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Figure 12: Cloning step for the insertion of the homology arms into the OVM-FIX-Syc-ss-
Neo gene drive. This figure demonstrates the digestion and ligation steps required to insert
the 5" and 3" homology arms into the relevant gene drive. The gene drives were PCR purified

and the homology arms were gel purified.

2.3 Animal ethics and general egg care
Ethics for the use of White leghorn chicken embryos was obtained to allow for PGC

extraction, PGC genome modification and injection of modified PGCs into embryos no older
than 10 days (HH stage 36). Ethics was obtained from the WITS Animal Ethics Research
Committee (2021/09/02/0O). Ethics to run in a BSL laboratory 1 was obtained from the Wits
Institutional Biosafety Committee (20190801Lab). In addition to this, the laboratory (GH708)
was granted clearance by the Department of Agriculture, Forestry and Fisheries to perform
genetic modification (in bacteria, cells, and chickens) under the Genetically Modified
Organisms Act, 1997, with registration number 39.2/Witwatersrand — 20/165 (03/06/2020-
03/06/2023).

All specific pathogen free eggs were obtained from AviFarms through the Wits Medical
School, CAS animal unit. Eggs were incubated in a sterile commercial egg incubator
(Pleysier incubators) at 37 °C with 50 % relative humidity. Eggs were not allowed to develop
past day 10 (HH stage 36) and embryos were harvested and euthanised through decapitation
before this time. All equipment for dissection was sterilised by autoclaving and eggs were

always incubated horizontally.

2.4 Cell culture and establishing primary cell lines
All cell culture and dissection work necessary for establishing primary cells lines, unless

otherwise stated, was done in a biosafety cabinet (BSC), model Esco AC2-4S8. Al
equipment used was autoclaved and the working area was thoroughly sterilised with 70 %
ethanol before and after use. Cells were maintained in a NuAire DH AutoFlow 5500 Air
Jacketed CO2 Incubator at 37 °C and 5 % CO2. All cell counts were done on a TC20

automated cell counter (Bio-Rad) or Neubauer haemocytometer.

2.4.1 Establishing a CEF primary culture and cryopreservation of CEFs

To establish the line of chicken embryonic fibroblast cells to be used as a feeder layer for
PGCS, White Leghorn chicken embryos were incubated at 37 °C and 60 % humidity for 9-10
days (HH stage 36). For dissection, eggs were sprayed with 70% ethanol and wiped down
before embryos were removed (approximately 3) with sterile scissors and tweezers and the
viscera, limbs and head were cut off. The torso of the embryo was then macerated in a petri

dish and added to 10ml of 1 x trypsin/PBS. This was allowed to shake at 150 rpm for 15 min
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at 37 °C. The larger pieces of tissue were then allowed to settle for 5 minutes, and the
supernatant was removed and split equally into two 15ml tubes. The sample was then spun
down at 400 xg for 4 minutes. The supernatant was removed, and the pellet was resuspended
in CEF media, and the cells were plated in two t75 cm? flasks. CEF media was composed of
10 % FBS, 2 % chicken serum, 1 % L-glutamine, 1 % non-essential amino acids, 0.2 %
primocin and 85.8 % DMEM.

The next day, cells were lifted using 1 x trypsin and placed at 37 °C for 5 minutes. Cells were
then split in half to be passaged and seeded into a t75cm? flask or they were spun down at
400 xg for 4 minutes and the pellet was resuspended in CEF freezing media and placed in a
Corning Costar cell cryopreservation tube. CEF freezing media was composed of 10 %
DMSO, 10 % FBS, 2 % chicken serum and 78 % DMEM. Cells that were to be frozen were
then placed in an isopropanol container and left at -80 “C overnight. Cells were then placed in

a liquid nitrogen reservoir the next day for indefinite storage.

2.4.2 Preparation of the CEF feeder layer

To establish the feeder layer, CEFs were lifted with 1x trypsin PBS at 100 % confluency at
37 °C for 5 minutes. 1 x FBS was added to inactivate trypsin treatment and cells were spun
down at 400 xg for 4 minutes. The pellet was then resuspended in fresh media and a cell
count was taken using 10 ul cell suspension and an equal volume of trypan blue loaded onto a
Dual-Chamber cell counter slide (Bio-Rad, 1450019). Cells were seeded at 1x10° into 6 well
plates and cultured in CEF media. The cells were then inhibited with 10 pg/ml Mitomycin C
(Merck, M4287-2MG) diluted in 2 ml culture media for 4 hours at 37 °C when they reached
80 % confluency. After inhibition, media was discarded, and cells were washed twice with
PBS. Finally, fresh media was supplemented into the well and the feeder layer was ready for

use.

2.4.3 Establishing PGC culture from germinal crescent extraction

PGCs were originally extracted from the germinal crescent of HH stage 5 embryos as this
allowed for the shortest incubation time to obtaining PGCs. For dissection, eggs were wiped
with 70 % ethanol before a 4 cm hole was created on the side of the eggshell. PGCs were the
extracted by cutting out the germinal crescent with sterile scissors. Once the germinal
crescent was excised, it was placed into a media filled well in a 24 well plate until each
sample could be sexed before combining males and females. Sexing was done by removing
the tail section and processing with crude DNA extraction lysis buffer (Recipe 2). Tail tissue

was then combined with proteinase K and Crude lysis buffer and incubated at 55 °C for 5
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minutes. The sample was then vortexed and further heat denatured at 55 °C for 15 minutes
and 95 °C for 5 minutes. This was then vortexed for 1 minute in a Minifuge and the
supernatant was added as sample to a PCR tube. The tables (Table 8 and 9) below show the
PCR reaction setup and PCR conditions for sexing PCR.

Table 8: PCR reaction set-up for sexing of embryos. This protocol is based on Clinton et
a|121.

Component Volume
Sample 1l
Master mix 5ul
18s primer (0.5 uM) 0.5 ul
W primer (1 uM) 1l
dH20 to 10 pl

Table 9: PCR reaction conditions for sexing PCR. At each step the temperature and time is

given. This protocol is according to Clinton et al*?.

Initial Denaturation Annealing Elongation Final Cycles
denaturation elongation
94 °C 2 min 94°C 5 sec 56 °C 5 sec 72 °C 5 sec 72 °C 5 sec 25

Cells were cultured for 3 weeks in PGC media before immunocytochemical (ICC) analysis
was performed (section 2.4.6). PGC media consisted of the following: DMEM (Gibco) to 250
ml, 2.5 % chicken serum, 10 % FBS, 0.1 mM B-Mercaptoethanol, 1 X Primocin, 1 X NEAA,
1 X Glutamax, 10 ng/ ml BFGF and 10 ng/ ml LiF. Media was replaced the day after plating
and then every 2" day from there onwards.

2.4.4 Establishing PGC culture from blood extraction

PGCs were then extracted from the blood of HH stage 14-17 embryos using pulled glass
needles created with a Narishige puller (27-9 Minami- Karasuyama 4-chome setagaya-ku),
attached to a mouth pipette. This method was attempted in order to increase the number of
PGCs extracted initially, to encourage faster growth in culture. After incubation at 37°C and
50 % humidity for approximately 3 days, eggs were wiped down with 70 % ethanol and a 4
cm hole was made at the top of the horizontal egg on the side of the embryo, on a sterilised
benchtop. Eggs were then placed under a light microscope and pulled glass needles were used
to pierce various vessels. Blood was obtained from the dorsal aorta, heart, and vitelline
arteries of embryos (see Figure 13). Approximately 30ul of blood was obtained from 100
males in batches of 20 across the course of the project. The blood was then added to 80ul of
PGC culture media composed of: DMEM (Gibco) to 250 ml , 2.5 % chicken serum, 10 %

FBS, 0.1 mM B-Mercaptoethanol, 1 X Primocin, 1 X NEAA, 1X Glutamax, 10 ng/ml BFGF,
61



10 ng/ml LiF, 5 ng/ml hSCF. The same sexing protocol was carried out for each sample as
described above for germinal crescent extraction (Table 8 and 9) except this time the entire
head was excised as sample tissue for PCR. Once the sex was known, all females and all
males were pooled together in a single well in a 6 well plate on a CEF feeder layer and were

maintained for approximately 3 more weeks in PGC media before staining took place.

-

Figure 13: Stage 15 White Leghorn chicken embryo indicating where blood was drawn from
for PGC extraction. DA indicates the dorsal aorta, H indicates the heart and VA indicates the
vitelline arteries. OV indicates the outer vitelline vessels. Embryos were windowed and then

imaged under a light microscope.

2.4.5 Passaging of PGCs

PGCs were passaged every week in order to encourage colony formation. This was done
using 1% trypsin in PBS. Cell media was spun down and the pellet was transferred to a fresh
feeder layer. In addition to this, the remaining cells were washed with 1 x PBS and then
covered in 2 ml of 1x trypsin. Cells were allowed to incubate for 10 minutes at 37 °C or until
all cells had lifted. Trypsin was then inactivated with equal volumes of culture media and the
cells were pelleted at 400 xg for 4 minutes. Cells were then resuspended in fresh media and
split in half onto freshly inhibited CEF feeder layers. By following this protocol, cells in

suspension and those attached to the feeder layer were preserved.

2.4.6 Staining to identify PGCs
After three weeks of culture, cells were stained using Anti-EMA-1 (for germinal crescent

cells) (Developmental studies Hybridoma Bank) and Anti-SSEA-1/MC-480 (for blood PGCs)
(Developmental studies Hybridoma Bank) to identify the presence of PGCs in culture. These
are germ cell specific surface antigens expressed during the primordial stage of germ cell

development. Media was discarded and cells were washed gently with 2 ml of 1 x PBS, for 5
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minutes (x3). Cells were then fixed with 4 % PFA for 15 minutes at room temperature. After
fixing, washes were repeated and 4 % BSA was added to the cells to block for 1 hr at 37°C.
Primary antibody (Anti-SSEA-1 or EMA-1) was added in a concentration of 5ug/ml diluted
in 4 % BSA. After 1 hour of incubation at 37°C, the antibody was removed, and 3 more 5-
minute washes were done. A 1/50 dilution of secondary antibody (Rabbit Anti Mouse IgG
FITC, abcam; ab97045) was made in 4 % BSA and allowed to incubate at 37 °C for 1 hour.
Secondary antibody was then discarded and 0.5ug/ml of DAPI (4',6-diamidino-2-
phenylindole) (Sigma-Aldrich) diluted in 4 % BSA was added to stain the nuclei of all cell
types. This was allowed to incubate at room temperature for 15 minutes. DAPI was then
removed and fresh PGC media was added to cover the cells. Staining was observed under
white, blue, and green light with the FLoid Cell Imaging Station (Thermo Fisher Scientific).
A negative primary antibody control stain was set up on CEFs using only secondary

antibody. The procedure for the control was the same as outlined for the experiment.

2.5 Editing of primordial germ cells in vitro

2.5.1 Kill curves for neomycin and puromycin

To determine the best concentrations required for neomycin and puromycin selection on
PGCs, kill curves were set up in triplicate wells. For this, 0.5x10° PGCs were seeded into 24
well plates on a feeder layer of CEFs at a density of 0.3x10°. Experiments were prepared for
concentrations ranging 0, 0.5, 1, 1.5, 2, 2.5, 3 ug/ml for puromycin and 0, 100, 200, 300, 400,
500, 600 ug/ml for neomycin. A control of CEFs treated at each of these concentrations for
each antibiotic was prepared to account for the feeder layer in the kill curve. Cells were
treated for 5 days in the case of puromycin and 7 days in the case of neomycin and media was
changed every two days and supplemented with fresh antibiotic. A cell count was taken at the
end of the treatment week and the CEF feeder layer was subtracted from the final cell count
in each of the experiments. The PGC-only counts were then averaged as well as the triplicates
for each CEFs-alone and PGCs-on-CEFs and plotted in a kill curve. All cell counts were done

on a Neubauer hemocytometer under a light microscope.

2.5.2 Transfection of PGCs

In order to transfect the final gene drives as well as the mRFP-Tol2 tracer and eSpCas9
constructs into PGCs, electro gradients of 240 v 10 ms pulse length, 1s pulse interval and
varied pulses: 1, 2 and 3, were tested on PGCs using only the mRFP-Tol2 tracer construct.
All electroporation was done with the BTX Harvard ECM 830 Square Wave electroporator in
electroporation cuvettes (BTX). Transfected PGCs that had been growing for a week, were

gently pipetted off from the CEFs and any chunks were trypsinised for 5 minutes at 37°C.
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Trypsin was then inactivated with equal volumes of FBS after which the cells were spun
down and resuspended in media. In the case of electroporation 1x10° cells were resuspended
in Advanced MEM (Thermo Fisher 124901) in an electroporator cuvette and placed within
the electroporator. Once electroporated, cells were added directly to prewarmed PGC culture
media in a 6 well plate containing a fresh feeder layer. Cells were then observed under the
FLoid Cell Imaging Station (Thermo Scientific) after 3 days in culture and the cells that
looked the healthiest and had the most fluorescence were determined to have undergone the
best electroporation conditions and were used for repopulation.

Once the ideal settings were determined, the gene drive, eSpCas9 vector and RFP tracer
construct were electroporated into the cell at a total of 5 pg in a 3:1:1 ratio (Gene drive:
MRFP-Tol2:eSpCas9 vector). In addition to this, the constructs were also lipofected into the
cells following the lipofectamine 3000 protocol (Thermo Fisher Scientific). Briefly, cells
were pipetted off the feeder layer and trypsinised in 1 X trypsin, if needed as stated above.
Cells were then resuspended in PGC culture media and added to a fresh feeder layer in a 6
well plate. Briefly 3.75 ul and 7.5 pl lipofectamine 3000 reagent were made in separate tubes
to a final volume of 125 ul in Advanced MEM. DNA mixture (5 ug) was then diluted in 10 pl
p3000 reagent and made to a final volume of 250 pl Advanced MEM. The separate 125ul
diluted lipofectamine 3000 reagent was then added to 125 pl diluted DNA in p3000 reagent.
This was allowed to incubate for 15 minutes at room temperature. The reaction was then
added to the suspended cells in the 6 well plate and left at 37 °C overnight. The next day
media was removed for both electroporated and lipofected cells and cells were treated with
7.5 uM RS-1 and 0.1 uM SCR-7 for 24 hours. Neomycin and puromycin at a concentration of
500 and 400 pg/ml, and 1.75 and 1.5 ug/ml, respectively, were added to the media and
selection took place for 2 days with one concentration then a further 2 with the next. Cell
media was changed at the end of selection, and cells were allowed to recover for 4 days.
Finally, cells were counted per microscope field of view (N=3) to quantify the best method of
transfection. The lipofection and electroporation conditions above were used for the
transfection of circular gene drives, however, the transfection of the linearized gene drives

was done with only the electroporation conditions.

2.5.3 Assessment of gene drive integration in PGCs
After 4 days in culture, PGCs were pipetted off the feeder layer and spun down at 1000 xg for
1 minute. The DNA of the PGCs was then extracted using the Monarch genomic DNA
purification kit by New England Biolabs (T3010s). The cell pellet was resuspended in 100 nl
cold PBS and 1ul Proteinase K and 3 ul RNase A were added to the suspended cells and
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vortexed briefly. Cell lysis buffer was then added and was mixed in by vortexing thoroughly.
The sample was incubated at 56 °C in a heating block for 5 minutes with vortexing every
minute. Binding buffer was then added at a volume of 400 pl, and the mix was then passed
through a binding column at 1000 xg for 3 minutes followed by 13000 xg for 1 minute. 500
ul gDNA wash buffer was added to the column and spun through at 13000 xg for 1 minute.
After the wash step was repeated a second time, the column was placed in a 1,5 ml tube and
40 pl of elution buffer, preheated to 60 °C, was added to the column, allowed to incubate for
1 minute, and spun through at 14000 xg for 1 minute.

Integration of the gene drives was assessed in PGCs using primers as laid out in Table 10,
designed by Michael Edwards, a past MSc student. These primers overlap the region in the
genome outside the cut site of the gRNAs as well as the 5" and 3" end of the gene drive. For
PCR assessment, genomic DNA was set up in a reaction with Platinum Superfill DNA
polymerase (Invitrogen, cat no. 12361010), according to the manufacturer’s instructions. In a
10 pl reaction, 2 pl buffer was combined with 0.25 ul forward primer, 0.25 pl reverse primer,
0.2 ul dNTPs, 20 ng DNA, 0.2 ul enzyme, 5 % DMSO and made to a final volume of 10 pl.

PCR conditions for these reactions were as follows:

Target Primers 5°-3° Denaturation  Denaturation Annealing Extension  Size Cycles
5 "TCCCCTCGAAGGAAACCCATA® 2915
OVM "CCTTGGGATTCCATTGACT"

HA

3 "ACGTTGTCACTGAAGCGG® 2691
OVM  "ACTGCTTCATCCATCTGCCC®

HA

5 "ACCTGCGTGATACCCCCTAT 3202
OVA "CCTTGGGATTCCATTGACT" 98 °C 98°C 60°C 72°C 25
HA 30s 10s 10s 30s/kb

3 "GCAAGAACTCTTCCTCACGC® 2508
OVA "CCTCTGTGTGCTGCTCCTAC®

HA

NHEJ "GTGAAACCGCCAAGAAACCC 1793
OVM "CAGAGTGCGAGATGAACCGA®

NHEJ "AAGGGTGAAGTACCTGCGTG® 623

OVA "CAAGGTCTGTCCCATCACCC

Table 10: Primers and PCR conditions used to screen edited PGCs for gene drive integration
at the 5" and 3" homology arms as well as to screen the different gene drives for NHEJ
insertion. In each case of the primers given, the forward primer is given first then the reverse

primer. The reactions differ by the size of the fragment and extension time.
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Genomic DNA then underwent further PCR to confirm the presence of the desired plasmids
in the cells after electroporation and lipofection (Table 11). The cells were screened for
puromycin resistance and the°gene drive backbone to confirm the OVA-HA-Syc-FIX-Puro
gene drive and neomycin resistance and the backbone to confirm the OVM-HA-Syc-FIX-Neo

gene drive. Cells were also screened for the 5 end of the eSpCas9-T2A-Puro plasmid.

Table 11: Primers and PCR conditions used to screen edited PGCs for gene drive presence as
well as eSpCas9-T2A-Puro presence. In each case of the primers given, the forward primer is

given first then the reverse primer.

Target Primers 5°-3° Denaturation Denaturation ~ Annealing  Extension  Size  Cycles
(bps)
Neomycin ~ "AATAGAGGCTCTGA 1316
resistance "TCGGCAGTGCCTGA
Puromycin ~ "AAGTGCACACAAT 1249
resistance ~ "TCGGCAGTGCCTGA 98 °C 98°C 60°C 72°C 25
. 30s 10s 10s 30s/kb
Backbone ACCTCTGACACATG 385
"TTCGAGCTCGGTAC
eSpCas9- "ACCTCTGACACATG 1800

T2A-Puro "ACGCAGCGACTCCC

2.6 Gonadal repopulation of partially sterilized embryos with edited PGCs

2.6.1 Busulfan ablation of native PGCs

Fertilized, unincubated White Leghorn eggs were obtained from AviFarms for injection with
various busulfan concentrations to determine the best concentration for removal of native
PGCs from embryos to prepare them for repopulation. First eggs were allowed to acclimatize
at room temperature overnight (N=68). Eggs were then wiped down with 70 % ethanol and
busulfan/control mixtures were prepared as follows; 0il/DMSO controls consisted of 50 %
sesame seed oil and 50 % DMSO (v/v). For the experiment concentrations such as 65
ug/50ul: busulfan was dissolved in 1ml DMSO then emulsified with 1ml sesame seed oil
(Endomex, wholesale) to give a concentration of 65 pg in 50 ul. The same was done to
prepare the 75 pg/50ul and 85 ng/50ul concentrations of busulfan in sesame seed oil and
DMSO. Emulsification was done by passing the mixture through a 0.45 um syringe filter 50

times and then vortexing in between use.

For busulfan administration, a hole was made on the sharp end of the egg approximately one
centimeter from the top of the eggshell to avoid the air pocket (see Figure 14) and 50 pl
busulfan/DMSO/oil mixture was injected into the yolk with a 29-gauge insulin needle. Each
time a new egg was injected the syringe was washed out with PBS and a fresh 50 pl of
busulfan/oil mixture was aliquoted into the tube. Syringes and aliquot tubes were changed

between each concentration. Eggs were then placed in the incubator for 7.5 days (HH stage
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31-33) at 37 °C and 50 % humidity. All Embryos were observed at day 7.5 as this provided a
middle point where it would be late enough to see PGCs that should have settled and started
repopulating but not too late for results to be skewed by native PGCs that had proliferated

again.

To view, embryos were dissected with scissors by removal from the yolk and immediately
decapitated. Gonads were removed while still attached to the back tissue and the side flaps,
head, viscera, and limbs of the embryo were cut out with dissection scissors. The forelimbs of
the embryos were kept for molecular sexing as described above for sexing of PGCs. Embryos
were then fixed in 4 % PFA overnight at 4 °C then moved to 5 % sucrose for 5 hrs, 15 %
sucrose overnight and 30 % sucrose for 6 hrs until the embryo sunk, all at 4 °C. Embryos
were placed in cryomatrix embedding fluid (Mercedes Scientific: FIS 6769006) overnight

and flash frozen in liquid nitrogen the next day. These samples were stored at -20 °C until

sectioning.

Figure 14: Image demonstrating where the needle is positioned when piercing the egg to
inject busulfan for ablation purposes. The circled area indicates the blastodisc.

Embedded embryos were then sectioned at 10 um and placed on a positively charged slide to
dry overnight. Slides were then washed in 1x TBST-D (Tris Buffered Saline TWEEN and
DMSO) thrice, for 10 minutes to rehydrate the sections. Slides were blocked in 4 % BSA for
1 hour at room temperature and then incubated with primary antibody (SSEA-1 at 1:50)
overnight at 4 °C. The next day, slides were washed 3 times for 10 minutes and incubated
with secondary antibody, diluted 1/100 in 4 % BSA (Rabbit Anti Mouse IgG FITC), for 2
hours at 37 °C. After incubation, slides were washed twice for 10 minutes at a time and
incubated with 5 ng/ul DAPI for 15 minutes at room temperature. All incubations were done

in a humidified container containing 1x TBS. Slides were then viewed under the FLoid Cell
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Imaging Station and PGCs were counted in 20 sections (10 for each gonad) for each
experiment and control group, across 5 samples for each group (N=400). To determine

viability, living and dead embryos were recorded for each group as well as the natural duds.

2.6.2 Repopulation with edited PGCs

To repopulate embryo gonads with PGCs modified for the mRFP-Tol2 construct, embryos
were ablated as described above using the 75 ng/50ul busulfan concentration. Eggs were
wiped with 70% ethanol and a small hole was made in the top of the eggshell where busulfan
was administered to the yolk (N=21). After 3 days of incubation, eggs were sexed with blood
according to Clinton et al*?!, and female embryos were discarded. mRFP-Tol2 transfected
PGCs were pipetted off the feeder layer of CEFs and were injected into the vitelline arteries
of day HH 13-15 embryos (Figure 13). Approximately 1000 PGCs suspended in 50ul of
1xPBS were injected into the embryos with a mouth pipetted and pulled glass needle. Eggs
were then rehydrated with Ringer’s solution (Recipe 3) and sealed with parafilm and placed
into the incubator at 37°C 50 % relative humidity. For viewing, embryos were dissected out
of the egg at day 6 (HH stage 28-29) and the limbs, head and viscera were removed. Whole
mount observations of mMRFP-Tol2 edited PGCs in the gonads were done using the Zeiss
AXIO Zoom.V16 with the AXIOCam MRm (ZEISS). PGCs were then counted across 5
embryos and the average number of PGCs in the embryo gonads was computed. Survival of
the embryos was also noted.

2.7 Statistical analysis

Statistical analysis to determine the mean and the standard error was performed on excel
(2021). Standard deviation/error is represented as SD=. Statistical significance was
determined using a ONE-Way ANOVA and Tukey’s Post Hoc test for ablation efficiency and
the average number of PGCs in embryos. A Chi-square test was used to assess significance

for viability (Excel, 2021). P<0.01 and 0.05 were considered significant.
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3. Results

3.1 Restriction mapping demonstrates the successful construction of the gene drives

In order to accomplish one of the main aims of this project, which was to transfect chicken
PGCs with a human FIX gene drive, the editing constructs that were available in the lab had
to be modified. These changes included the addition of the human FIX coding sequence for
expression in ovo, an Sycpl meiosis-specific promoter for the timed expression of Cas9,
neomycin and puromycin resistance genes in order to allow for selection of transfected cells,
an OVM specific gRNA cassette, and the addition of the OVM homology arms for HDR
integration into cells. Some changes had already been made prior to this project such as the
addition of the OVA homology arms as well as an OVA specific gRNA cassette. In addition
to making the necessary changes, final constructs then had to be prepared in a midiprep to

meet concentrations necessary for transfection as well as remove traces of endotoxins.

Gene drive construction was accomplished through restriction digest and cloning in Stbl E.
coli cells and the final products were subject to check digestions to confirm the desired insert
was present. For each step performed, the cloning digests are shown as well as the final check
digestion. After clones were confirmed to have the desired insert, sequencing was performed
through either Ingaba Biotechnology or GenScript to confirm the sequence integrity. The

sequencing results are available in the supplementary section (Figure 32-37).

Firstly, the FIX coding sequence was inserted into the OVM-Syc gene drive. This was done
by digesting the FIX sequence out of the p MiniT plasmid (the cloning of which had been
completed in my Honours year) demonstrated in Figure 15A (Lane 1), at 1.4 kb. In
conjunction with this, Tenecteplase was removed from the OVM-syc gene drive (Figure 15A
at 1.5 kb) and both p MiniT and the digested gene drive were gel purified, and the products
were joined in a ligation reaction. Sycpl digested out of a cloning plasmid is not shown as gel

extract was obtained from a PhD student in the lab.

- —

MW

Tenecteplase

1.5kb =
1.4kb =

0.9kb =»

— FIX Check

SYCP1 Check
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Figure 15: Digestions confirming the removal of FIX from p Mini T, the removal of
Tenecteplase from the gene drive and the successful insertion of FIX and presence of Sycpl
in the OVM-Syc gene drive after cloning. Lanes are labeled at the top of the figure and lanes
containing ladder are labeled as MW (NEB 1kb plus). (A) Lane 1 is the p-Mini T cloning
plasmid (upper band) digested for FIX (indicated at 1.4kb), lane 2 is the gene drive (upper
band) digested for Tenecteplase (indicated at 1.5kb), (B) lane 3 is a control digest of
Tenecteplase (lower band) out of the gene drive (upper band) in order to differentiate the size
of FIX in the next lane, lane 4 is a check digest on a clone confirming the insertion of FIX
(indicated by 1.4 kb) into the genedrive, (C) lane 5 is a check digest of Sycpl (indicated at
0.98 kb), on that same clone, which had already been inserted by a PhD student. Samples are

run on a 1 % agarose gel stained with ethidium bromide.

After bacterial culture and plasmid extraction, a check digestion was performed to confirm
the presence of FIX, using the same enzymes for cloning (Mlul and Sall). Figure 15B
demonstrates the successful insertion of the FIX sequence as indicated at 1.4kb in lane 4.
Figure 15C was a check digest performed on the same gene drive for the already inserted
Sycpl fragment, using enzymes Spel and Xhol. The presence of the promoter was confirmed
as shown in lane 5 at 0.98 kb. These gels confirm the creation of the OVM-Syc-FIX gene
drive. In addition to this, sequencing results for the FIX and Sycpl sequences in this gene

drive can be found in the supplementary section, Figure 35.

Next, FIX and Sycpl needed to be inserted into the OVA-HA gene drive in order to replace
Tenecteplase and CMV which were included in the gene drive upon original synthesis. First,
the gene drive was digested with Mlul and Sall to remove Tenecteplase as shown in Figure
16A at 1,5 kb and once insertion had been confirmed, Spel and Xhol were used to remove
CMV (shown in Figure 15A at 0.6 kb) to replace it with Sycpl. FIX obtained from the p Mini
T cloning plasmid shown in Figure 15A above was used for the ligation reaction below.

Tenecteplase

1.5kb =p
FIX Check

SYCP1 Check
0.6kb =




Figure 16: Digestions confirming the removal of CMV and Tenecteplase and the successful
insertion of FIX and Sycpl in the OVA-HA-Syc-FIX gene drive after cloning. Lanes are
labeled at the top of the figure and lanes containing ladder are labeled as MW (NEB 1kb
plus).(A) Lane 1 is the gene drive containing the OVA homology arms, lane 2 is the same
gene drive digested at a later stage for CMV, (B) lane 3 is a control digest in order to
differentiate the size of FIX in the next lane, lane 4 is a check, (C) lane 5 is a check digest of
Sycpl in the same gene drive. Samples are run on a 1% agarose gel stained with ethidium

bromide.

Once the selected colonies had undergone plasmid extraction, successful insertion of FIX was
confirmed in Figure 16B at 1.4 kb using enzymes Mlul and Sall. This was similarly done for
Sycpl in Figure 16C at 0.98 kb using enzymes Spel and Xhol. These digests demonstrate that
the OV derived gene drive contained the necessary coding sequence and meiosis-specific
promoter after modification. Sequencing was performed (Figure 32-33, supplementary)

which further confirmed the desired changes.

Next it was necessary to insert the ssOVM gRNA cassette into the OVM-Sycpl-FIX gene

drive. In Figure 17A below, successful removal of the OVA-OVM-OVT gRNA cassette is
demonstrated at 1.3 kb (lane 1) as well as the removal of the new ssOVM cassette from the
pUC19 cloning plasmid at 0.9 kb (lane 2).
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Figure 17: Digests of the OVM-Syc-FIX gene drive to confirm the removal of the old
cassette and insertion of the new ssOVM gRNA cassette. Lanes are labeled at the top of the
figure and MW represents lanes with ladder (NEB 1kb plus). Lane 1 is a digest of the OVM-
Syc-FIX gene drive for the old gRNA cassette, lane 2 is a digest of the new ssOVM cassette
out of the pUC 19 cloning plasmid (A), (B) lane 3 shows the ssOVM fragment digested out
of the OVM-Syc-FIX-ss gene drive.

The successful insertion of the new ssOVM cassette is indicated in Figure 17B lane 3 at
0.9kb, which is the ssOVM gRNA cassette digested out of the gene drive. All check digests
were done using Notl and Bstell. In addition to this, sequencing was done to confirm the

presence and integrity of the new cassette (Figure 37, supplementary).

Following modification of the cassette, it was necessary to insert the puromycin and
neomycin resistance sequences, which are important for antibiotic selection of cells modified
with these gene drives, into the OVA-HA-Syc-FIX and OVM-Syc-FX-ss constructs. While
this step renders the OVA derived gene drive complete, it was necessary to insert the
neomycin resistance sequence into the OVM-Sycpl-FIX-ss at this particular step as the 3°-
homology arm contains the Avrll restriction site, thus, all cloning involving this site needed
to be completed before the homology arms could be inserted. Previously, zeocin resistance
was included in the gene drive but the mechanism of the antibiotic causes DNA damage in
cells, therefore, it had to be replaced with neomycin or puromycin resistance genes. In
addition to this, two separate resistances were chosen to make selection easier of the two
different gene drive constructs in separate cell lines. Figure 18 (lane 3-6) shows the
successful PCR amplification of the fragments necessary to assemble the full neomycin
resistance fragment (lane 1) and full puromycin resistance fragment (lane 2), through overlap

extension PCR.
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Figure 18: Successful amplification of the products needed for NEBuilder ligation of the
antibiotic resistance genes, neomycin and puromycin. Lane 1 is the overlap extension PCR
product of the full neomycin resistance gene and lane 2 is the same product for puromycin
resistance. Lane 3-6 are the fragments used in overlap extension PCR to assemble the full-
length neomycin and puromycin resistance genes in lanes 1 and 2. Lane 3 is the individual
puromycin fragment, lane 4 is the individual neomycin fragment, lane 5 is the individual 3

UTR fragment and lane 6 is the individual SV40 fragment.

Removal of the zeocin resistance gene is demonstrated in Figure 19A at 1.6 kb for both the
OVM-Syc-FIX-ss (lane 1) and OVA-HA-Syc-FIX (lane 2) gene drives. This step was
performed using the Avrll and Notl enzymes. After ligation through the NEBuilder protocol,
the gene drives underwent restriction mapping in order to confirm the successful insertion of
neomycin and puromycin resistances. This had to be done with enzymes different from those

used in cloning as the Avrll and Notl sites were not conserved in the NEBuilder primers.
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Figure 19: Restriction digests for both OVA-HA-Syc-FIX-Puro and OVM-Syc-FIX-ss-Neo
gene drives to confirm the removal of zeocin resistance and the insertion of puromycin and
neomycin resistance, respectively. Lanes are labeled at the top of the figure and MW
represents lanes containing ladder (NEB 1kb plus). Lane 1 is the OVM gene drive digested
for zeocin resistance, lane 2 is the OVA gene drive digested for zeocin resistance, lane 3 is a

gene drive containing zeocin resistance digested for Bstell and Xhol. Similarly in lane 4,
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however, this gene drive contains the newly inserted neomycin resistance fragment and lane 5

contains the newly inserted puromycin resistance fragment.

Successful insertion of the neomycin fragment into the OVM-Syc-FIX-ss-Neo gene drive is
demonstrated in Figure 19, lane 4. Lane 3 demonstrates what the same digest would look like
had neomycin resistance not been inserted and zeocin resistance remained. Successful
insertion of puromycin resistance into the OVA-FIX-Sycpl-HA gene drive is also
demonstrated in lane 5. Lane 3 can be used for reference of how the gene drive would appear
if the puromycin fragment was not taken up and the gene drive still contained zeocin
resistance. Sequencing results for both puromycin and neomycin resistance genes within the
gene drives can be found in the supplementary section (Figure 34 and 36, respectively).

Lastly, the OVM homology arms needed to be cloned onto the OVM-Syc-FIX-ssNeo gene
drive to render it complete and ready for transfection. Figure 20, lanes 1 and 2, show the
successful digestion of the OVM 5™ and OVM 3" HA out of the pUC19 cloning plasmid and
lane 3 and 4 demonstrates the successful digestion of the gene drive for the 5" and 3
homology arms. Gene drives appear linearized as the product between the homology arm
restriction sites is less than 20 bps and, thus the digested gene drive product was PCR

purified and run on a gel purely for record.
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Figure 20: Digestion of the OVM gene drive in order to insert the 5" and 3" homology arms
and confirmation thereof. Lanes 1 and 2 show the 5" and 3" homology arms digested out of
the pUC19 cloning plasmid, respectively. Lane 3 shows the gene drive digested for the 5°-

homology arm and lane 4 shows the gene drive digested for the 3°-homology arm. Lanes 5

and 6 demonstrate a check digestion of the 3" and 5" homology arms, respectively, in the

same gene drive, after it had undergone ligation.

Successful insertion of the OVM 3™ and OVM 5" homology arms is demonstrated in Figure

20, lane 5 and 6, respectively. This concludes the final cloning step needed to use the gene
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drives in transfection. Gene drives were then cleared of endotoxins and concentrated to
greater than 1 pg/ul with the Promega Pure Yield Plasmid Midiprep kit. After being
transfected in their circular form, gene drives were linearized with Pacl and transfected

again, following the same protocol.

3.2 Microscopy and ICC staining to identifying PGCs in culture

3.2.1 Germinal crescent PGCs successfully identified in culture by EMA-1 staining
Establishing a culture of PGCs was crucial to this project as they would be the target of

transfection as well as the main means of assessing repopulation in ablated embryo gonads.
The first attempt at PGC extraction was done on the germinal crescent as this method allowed
for the least incubation time for eggs and, thus the quickest wait time to obtain PGCs from
embryos. This was done by excising the germinal crescent region from stage 5 embryos and
placing it in a culture dish. Figure 21A and B represent staining of germinal crescent PGCs
with EMA-1 and Rabbit Anti-Mouse conjugated FITC, after 3 weeks of culture.

DAPI

Figure 21: Staining of germinal crescent PGCs to confirm their presence in culture. Lane A
(experiment) and B (negative control) are mixed-sex PGCs extracted from the germinal
crescent of HH 5 embryos stained with EMA-1 and Rabbit Anti-Mouse FITC as well as
DAPI. Scale bar = 100 wum. Arrows indicate PGCs.
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Staining with anti EMA-1, a stage specific surface antigen marker, revealed that very few
PGCs were obtained from the germinal crescent, even after 3 weeks of culture (21A and B).
In addition to this, germinal crescent staining and white light observation revealed persistent
tissue in culture after 3 weeks. There was also an issue to obtain sufficient material for sexing
(data not shown). As sexing was unsuccessful due to the lack of tissue, the samples were
combined to make a mixed culture of male and female PGCs to assess how they would
perform in culture after this extraction method. A successful sexing gel can be seen in Figure
38 (Supplementary) for blood PGC extraction.

3.2.2 Blood PGCs successfully identified in culture with SSEA-1 staining and
morphological characteristics
To improve PGC yield by 3 weeks of culture, which proved to be a limiting factor for

germinal crescent extraction, PGCs were re-extracted from the blood of HH 14-17 embryos
and placed on a CEF feeder layer (successful establishment of the CEF primary culture used
for the feeder layer can be seen in Figure 39, supplementary). The morphology of PGCs was
monitored over 3 weeks and the presence of colonies was used to indicate the presence of
PGCs in combination with staining. Staining with Anti SSEA-1 was performed in order to

confirm that the suspected ‘colonies™ were in fact PGCs (Figure 22).
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White light

Figure 22: Blood PGCs on a CEF feeder layer stained with DAPI and SSEA-1 as well as
images monitoring morphology and colony formation over 3 weeks of culture. Lane A is the
experiment, B is the negative control using CEFs and C is the 3-week progression of PGCs in
terms of morphology. Scale bar = 100 xm for row A and B, and 120 wm for C. Arrows
indicate PGC clusters and individual PGCs.

Figure 22A demonstrates the classic colony forming characteristic of PGCs after 3 weeks of
culture on a CEF feeder layer. These were also confirmed to be PGCs with SSEA-1 staining,
a stage specific PGC marker. In addition to this, images were captured under the light
microscope at 1-week intervals until PGCs formed noticeable colonies. Figure 22C indicates
single PGCs or clusters of a few cells at 1 week of culture. Week 2 of culture, PGCs are

forming larger clusters and at week 3 of culture, PGCs have formed the largest colonies.
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3.3 IHC analysis reveals the best concentration of busulfan for ablation of native PGCs
and viability conservation

Once a line of PGCs had been established, gonads had to be prepared for repopulation with
PGCs containing the red fluorescent protein expressing tracer, mRFP-Tol2. The sterilisation
and, thus removal of native PGCs was accomplished by injecting embryos with busulfan. In
order to accomplish sterilisation most efficiently, while still conserving the survival of
embryos, the optimal concentration of busulfan needed to be determined. For this, embryos
were injected at stage X of development with 65 pg, 75 pg and 85 pg busulfan in 50 pl
sesame oil and DMSO mixture. Embryos were then harvested at day 7.5 and the surrounding
tissue was removed leaving the back tissue and gonads attached to kidneys. Samples were
then preserved in cryomatrix media and sectioned and stained with SSEA-1 and DAPI
(Figure 23).
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SSEA-1 DAPI Merged

Figure 23: Right gonads of male embryos treated with various busulfan concentrations,
extracted at day 7.5 (HH stage 31-33). Gonads were sectioned (10 um) and stained with Anti-
SSEA-1 and DAPI. Each row represents a different concentration of busulfan, and the first
two lanes represent a no primary antibody control (-ve) and an untreated control,
respectively. N=500 and the scale bar = 135 um. In each image the outline of the gonad is

visible and green flourescent cells withing this region are PGCs.
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Visually, it appears that 85 xg had the best effect on removing native PGCs, however,
viability at this concentration needed to be determined against actual ablation efficiency
which involved counting the PGCs across sections and samples. In order to do this, stained
cells were counted across 20 sections (10 sections for the left and right gonad separately) for
5 samples in each concentration group. Figure 24A demonstrates viability after busulfan
treatment and 24B shows PGC ablation as determined by counting the number of PGCs left
in the gonads after busulfan treatment. Only embryos that had developed to at least stage 13,
were counted as viable for graph A and embryos considered to be affected by busulfan were
any that developed to stage 10 and died. Eggs with no development were considered natural
duds and were counted towards natural death in graph D. Figure 24C indicates the number of
PGCs left in the gonads after ablation compared to non-ablated embryos. Finally figure 24D
represents the viability after treatment corrected for the natural viability. All averages were
computed on excel with the standard deviation (SD) representing standard error. A one-way
ANOVA and Tukey’s Post Hoc test was then performed to determine the significance of the
concentrations and their effect on ablation and PGC number and a Chi-square test was done
to determine the significance of viability at those concentrations against the controls. For this,

p<0.01** and p<0.05* was considered significant.
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Figure 24: IHC analysis on the ablation efficiency of busulfan at various concentrations and
assessment of viability. Graph A indicates the survivability of embryos at varying
concentrations and graph B indicates the ablation efficiency of various concentrations of
busulfan treatment. The average number of PGCs in each gonad, either treated or untreated,
is noted in graph C. Graph D demonstrates the viability of embryos after busulfan treatment
corrected for natural duds. For ablation efficiency and the number of PGCs, P** for all
concentrations except 65 ug/50ul vs 0 pug/50ul. P** for 75 ug/50ul vs 85 ug/50ul. P** for the
number of PGCs in an embryo for 65 pug vs 0 pg. P was insignificant for viability. N= 400 for

ablation and average PGC assessment and N=68 for viability assessment.

Figure 24A and B indicate that the concentration that ablated the most PGCs while having the
best viability was 75 pug/50ul busulfan in DMSO/Sesame oil (SDz 2). The 85 ug/50ul (SD+2)
concentration only had a 1 % higher ablation efficiency than 75 ug however it had a survival
rate of 50 % (SD= 1.5) which when corrected for natural death fell to 30 % (SD+ 2), which
was 27 % lower than 75 pg (SD+ 2). The 65 pg/50ul (SD£1.7) concentration had an ablation
efficiency of 50 % with a survival rate of 85 % (SD= 1.5) which fell to 65 % (SDz 2) after
correction for natural death. The control was considered to have 0 % ablation efficiency and a
survival rate of 100 %. Corrected viability is available in 24D at 76 %. This ablation
efficiency was further confirmed by the number of PGCs left in the embryos in figure 24C.
65 pg of busulfan had a minimum of 376 and maximum of 509 (mean 411, SD+43). 75 pug
had a minimum of 50 and maximum of 176 (mean 123, SD+56) and 85 ug had a minimum of
48 and maximum of 170 PGCs (mean 118, SD+52) left in the gonads after ablation. Finally,
the control had a minimum of 767 and a maximum of 904 (mean 823, SD£33).

3.4 Optimal concentrations for the selection of PGCs with neomycin and puromycin

determined using kill curve plots

Once the optimal sterilisation concentration of busulfan was decided on, the best selection
concentration for PGCs with neomycin and puromycin had to be determined. In order to do
this, PGCs were seeded on CEFs and selected for 5 or 7 days. In order to account for the CEF
feeder layer, the same kill curve was set up for CEFS alone. Media was replaced every two
days, and supplemented with fresh antibiotic, and cells were lifted and counted at the end of
the selection period. The CEF feeder layer was then subtracted from the PGCs containing the
CEF feeder layer and the average of triplicate wells was computed in excel. Standard error
was calculated as standard deviation (SD+ 2). Averages for the number of cells left after 7
days for puromycin or 5 days for neomycin treatment were plotted in kill curves below

(Figure 25 and 26).
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Figure 25: Kill curve demonstrating the effect of puromycin on PGC and CEF viability after
5 days of treatment.**P<0.01 for 1.5 ng/ml against 0 pug and all other concentrations.
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Figure 26: Kill curve demonstrating the effect of neomycin treatment on the viability of cells
after 7 days of treatment. P<0.05* for 400 ug/ml against O pg and all other concentrations.

Figures 25 and 26 above indicate that the concentration that kills off PGCs after 5 and 7 days
is 1.5 pg/ml for puromycin and 400 pg/ml for neomycin, respectively, which means that the
these are the concentrations required to successfully select for PGCs with these antibiotics.
The CEFs required a higher concentration for both puromycin (1.75 pg/ml) and neomycin
(600 pg/ml), respectively. The lethal dose was not present for either antibiotic but the higher
concentrations of 1.75 ug/ml and 500 ug/ml for puromycin and neomycin, respectively, were

noted to kill cells after approximately 2-3 days.

3.5 PCR analysis reveals the successful transfection of PGCs and the absence of genome
modification at the OVA and OVM loci

Once the best selection concentration was determined for each form of resistance across the
two gene drives, the PGCs had to be edited with the OVA and OVM targeting constructs. In
order for this to happen, two methods of transfection were attempted, namely electroporation
and lipofection with lipofectamine 3000 (Invitrogen L3000015). Firstly, PGCs had to be
transfected with the mRFP-Tol2 construct (Figure 27). This provided the opportunity to test
electroporation conditions with a smaller construct and find the optimal conditions for
transfection with the larger gene drive constructs. Electroporation gradients of 240 v, 10 ms
pulse length, 1s pulse interval and varied pulses : 1, 2 and 3, were tested.
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White light RFP

Figure 27: mRFP-Tol2 transfected PGCs observed under a fluorescence microscope. A
demonstrates cells electroporated at 2 pulses, B is a negative transfection control. Scale bar =

125 pm and arrows indicate PGCs.

It was demonstrated that 2 pulses, with the abovementioned conditions, appeared to be the
best electroporation condition as this had the highest viability of cells and the only
fluorescence. Electroporation at 3 pulses appeared to be lethal to cells as all cells were dead
(not shown) and electroporation at 1 pulse had little to no fluorescence (not shown). These
results also confirmed the presence of the mRFP-Tol2 tracer construct in PGCs and that it

was functional.

Knowing the best electroporation conditions for PGCs, gene drives were then electroporated
and lipofected into the cells along with the tracer mRFP-Tol2 construct and the eSpCas9-T2A
expression construct. Lipofection with lipofectamine 3000 had to be done at a volume of 0.15
and 0.75 ul as recommend in the manufacturer’s instructions. After transfection, cells were
placed on a fresh feeder layer of inhibited CEFs. Transfected cells were then selected for with
puromycin and neomycin for 2 days and allowed to recover for 4 days before viewing under
the microscope and 5 days before genomic DNA extraction. To view, cells were visualised
under the fluorescent microscope and morphology, viability and fluorescence were noted to
determine the best means of transfection (Figure 28).
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Figure 28: mRFP-Tol2 and gene drive edited PGCs on a CEF feeder layer. A is OVA-HA-
Syc-FIX-Puro and OVM-HA-Syc-FIX-ss-Neo transfected with the higher concentration of
lipofectamine, B is the lower concentration of lipofectamine, and C are cells transfected with
electroporation. N=18 and the scale bar = 100 um. PGCs are indicated by arrows and are

shown as an example in the first row only.

In the case of transfection with multiple constructs, electroporation appeared to have the most
cells transfected with the mRFP-Tol2 construct and thus assumed the other constructs. The
higher concentration of lipofectamine 3000 also appeared to yield the best fluorescence,
when lipofection was compared alone. Fluorescent cell clusters were counted across 3
microscope fields of view and the average was computed. The average across the
electroporated group was the highest at 6 (SD+1) and 10 (SDx2.26) clusters per field of view
for OVA and OVM, respectively. The second best was the highest concentration of
lipofectamine at 6 (SD+2.6) and 7 (SD+2.6) (for OVA and OVM, respectively), and the least
efficient was the lowest concentration of lipofectamine at 3 (SD+1.7) and 2 (SD+1) clusters
(for OVA and OVM, respectively) per field of view. P<0.01** for all samples except the low

concentration lipofectamine samples.
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Next cells for each transfection method were harvested and processed with a genomic DNA
extraction kit. Primers designed by a previous MSc student were used to screen for HDR
integration, NHEJ integration, gene drive presence in the cell, and the presence of the
eSpCas9 expression plasmid (Figure 29).

MW12 3 45 6 MW7 8 9 10 11 12 MW 131415 16 1718

| B-

2 3 4 5 6 8 9 10 11 MW 12 13 14 15

Figure 29: PCR analysis of circular transfected gene drives for genome integration into
PGCs. A and B show the assessment of HDR intgeration of the OVA and OVM GDs at both
the 3" and 5 homology arm, and NHEJ into the genome. (A) Lane 1 and 2 are the 3" and 5
homology arm of the OVM electroporated GD, respectively. Lane 3 and 4 are the 3" and 5°
homology arm of the OVM GD lipofected at the higher concentration, respectively. Lane 5
and 6 are the 3" and 5 homology arm of the OVM GD lipofected at the lower concentration,
respectively. Lane 7 and 8 are the 3" and 5° homology arm of the OVA GD electroporated,
respectively. Lane 9 and 10 are the 3" and 5" homology arm of the OVA GD lipofected at the
higher concentration, respectively. Lane 11 and 12 are the 3" and 5° homology arm of the
OVA GD lipofected at the lower concentration, respectively. (B) Lane 13, 14 and 15 are
NHEJ assessment for the OVM GD for electroporation, lipofection (high) and lipofection
(low), respectively. Lane 16,17 and 18 are NHEJ assessment for the electroporated and
lipofected (high and low), respectively. C and D show the assessment of gene drive
transfection into PGCs. Lane 1 is the OVM GD amplified for neomycin resistance
(electroporation), lane 2 is the OVM GD amplified for the backbone (electroporation), 3 is
the OVM GD amplified for neomycin resistance (lipofection high), 4 is the OVM GD
amplified for the backbone (lipofection high), 5 is the OVA GD amplified for puromycin
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resistance (electroporation), 6 is the OVA GD amplified for the backbone (electroporation), 7
is the OVA GD amplified for puromycin resistance (lipofection high) 8 is the OVA GD
amplified for the backbone (lipofection high). Lane 12 and 13 are PCR on the neomycin
fragment and backbone of the lipofected (low concentration) OVM GD and lane 14 and 15
are PCR on the puromycin fragment and backbone of the lipofected (low concentration)
OVA GD. (E) Circular gene drive transfection and screening for the eSpCas9 plasmid of the
OVA and OVM electroporated samples (lane 1 and 2 respectively.), the high concentration
lipofected OVA and OVM samples (lane 3 and 4 respectively.) and the low concentration
lipofected OVA and OVM samples (lane 5 and 6, respectively).

Figure 29A demonstrates failed PCR for the amplification of the gene drive and genome
region that would be present if HDR had occurred in OVA and OVM gene drives. Figure
29B shows failed PCR for the amplification of gene drive region if NHEJ had occurred in any
of the samples. Figures 29C and D show the presence of both gene drives in the separate cell
lines for each method of transfection. Figure 29E demonstrates the presence of the eSpCas9

construct in the cells that were transfected.

The two OVA and OVM derived gene drives were then digested at the Pacl site after the 3°-
homology arm. Another attempt at transfection was made with the linearised gene drives
using only electroporation, however, HDR screening showed that there was no insertion at
the target locus (Figure 30A lanes 1-4) and NHEJ screening demonstrated the same issue as
with the circularised plasmids (Figure 30A Lanes 5-6). In this case the gene drives (Figure
30B lanes 1-4) and the eSpCas9 plasmid (Figure 30C Lanes 1-2) were still present, similar to
the above scenario. Figure 30A, Lanes 5-6, demonstrate that even after gene drive
linearisation, there appears to be no integration into the genome or cutting at the target site,

similarly to the circular gene drive in Figure 29.
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Figure 30: PCR analysis of linearized transfected gene drives for genome integration in
PGCs. A: Assessment of NHEJ and HDR for linearised GDS. Lane 1 and 2 are HDR
assessment for the OVM GD (5 and 3°) and lanes 3 and 4 are HDR assessment for the OVA
GD (5" and 3"). Lanes 5 and 6 are NHEJ assessment for the OVM and OVA GDs,
respectively. B: Assessment of integration of linear GD electroporated into cells. Lane 1 is
the backbone of the OVA gene drive, lane 2 is the puromycin fragment, lane 3 is the
neomycin fragment in the OVM gene drive and lane 4 is its backbone. C: Linear gene drive
transfection screened for the eSpCas9 vector. Lane 1 is the PCR on the OVA gene drive
containing gDNA and lane 2 is PCR on the OVM gene drive containing gDNA.

3.6 mMRFP-Tol2 tracer analysis reveals that repopulation of embryo gonads with edited
PGCs is largely unsuccessful

Repopulation was then attempted with the RFP edited PGCs. Cells were resuspended in
Advanced MEM and injected into stage 13-15 embryos with a glass needle attached to a
mouth pipette. Cells were injected into the outer vitelline arteries as injection into the dorsal
aorta resulted in death. Embryos were then harvested at day 6 (HH stage 27-28) and observed
under a fluorescent microscope (Figure 31). Approximately 1000 cells were injected into the

embryos.
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Figure 31: Gonadal repopulation the RFP tracer construct (MRFP-Tol2) of HH 13-15
male chick embryos. A is a control embryo that did not receive the tracer edited PGCs and

B is the experiment embryo. N=5. Scale bar = 250 um

Single fluorescent specks are visible in each gonad of the experiment. These fluorescent cells
within the gonads were counted across 5 experimental embryos. The average number of
PGCs was then determined to be 1.2 (SD+0.81) PGCs per embryo and the viability was
determined to be 23 % (N=21).
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4. Discussion

In order to alleviate the high cost that comes with producing therapeutic proteins, an
expression system is required that is both cost effective and easy to maintain. For these
reasons, the domestic chicken is an ideal candidate. Chickens are capable of producing many
eggs (one per day per bird) where the albumin can be used as a vehicle for therapeutic protein
expression. While the yolky structure of the zygote has limited avian transgenics in the past,
thanks to recent advancements with CRISPR, the genome is now more easily accessible for
transgenic production and, thus bioreactor creation. In this project we sought to produce a
genetic construct that would in time be responsible for editing the Ovalbumin and
Ovomucoid genes in chickens and replacing them with a human FIX expressing gene drive.
This would in turn yield more protein than has ever been produced by other systems, such as
CHO cells, at a much cheaper cost. In order to accomplish this, a gene drive construct first
had to be modified through a combination of cloning and restriction digests, a line of PGCs
had to be established as these cells were the most straightforward way to gain access to the
chicken’s germline, and PGCs had to be transfected with the aforementioned gene drive so

that its activity could be assessed.

4.1 The successfully altered gene drive is ready for use in downstream modification
experiments

First, the human FIX coding sequence, which was obtained in my honour’s year, had to be
inserted in place of the Tenecteplase coding sequence in the editing construct. This sequence
was already present in the gene drive as it was synthesised with it. Tenecteplase also forms
part of a similar project that is being undertaken in Prof. Natalya Nikitina's lab. Figures 15
and 16B demonstrate the successful insertion of the FIX sequence into the OVM and OVA
gene drives through restriction digest. Similarly, the native CMV promoter had to be replaced
with a meiosis-specific promoter, Sycpl. CMV was originally included in the construct in
order to evaluate the expression and function of Cas9 and thus, the gRNAs, as well as gene
drive activity within CEFs, outside of meiosis. This proved useful as the cell line used
currently, PGCs, is not as proliferative as CEFs but they could still provide a chicken

analogue for acquiring information on gene drive activity in vitro.

Having a meiosis-specific promoter, such as Sycpl, is important for controlling the
expression of Cas9 to the meiosis stage in PGCs. This will in turn negate any NHEJ repair
that would occur outside of meiosis or at least lessen the chances and in turn reduced the
possibility of the construct failing to insert into the genome. Figure 16C demonstrates

successful insertion of the Sycpl promoter into the OV A gene drive as well as confirmation
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of the previously cloned in promoter in the OVM gene drive (Figure 15C). These steps
completed the addition of two important components to the gene drive. With the addition of
these, the construct will be able to maintain expression of the therapeutic FIX protein under
the Ovalbumin or Ovomucoid promoters and have timed expression of Cas9 so as to avoid
any off-target effects.

Next, the sSOVM gRNA cassette had to be cloned into the OVM-Syc-FIX gene drive. As
original work on this project assumed that the OVA, OVM and OVT genes would be targeted
for transgenesis, the gRNA cassette contained within the gene drive had gRNAs for each of
these three loci. The original plan to target OVT had to be abandoned as research indicated
that the OVT protein is crucial for life and thus it is suspected to render embryos edited for it
inviable, hence why no prior studies have made modifications to it’. In the case of this
project that planned to only target the OVA and OVM loci separately, this old cassette would
have resulted in unnecessary cutting within the genome which could have had unwarranted
effects. In the instance of OVT specifically, this could prove lethal. Successful insertion of
the new cassette was demonstrated in Figure 17, where the band at 0.9 kb represents the
cassette. Further to the listed reasons for modifying the cassette, the new OVM cassette
contained additional tRNA sequences as it is necessary for another project in the lab that is
focusing on expressing spidersilk in Ovo. Expression of the spider silk protein requires more
tRNA residues than what is naturally available for protein synthesis in chickens. Using the
same cassette across gene drives that are tailored for the expression of different proteins helps

standardise the gene drives somewhat, making the various intermediates more manageable.

Next, two separate antibiotic resistance genes needed to be added to the two separate gene
drives. This would offer the advantage of being able to select for the OVA-HA-Syc-FIX-Puro
and OVM-HA-Syc-FIX-Neo gene drives separately. This would be especially useful in future
experiments where the gene drives are both transfected into a single cell line and cells would
need to undergo sequential selection with two antibiotics to eliminate any cells that contained
only one gene drive. In addition to needing two separate resistances, the original resistance to
zeocin had to be removed as the antibiotics mechanism of action works to damage DNA
which could cause unnecessary issues in future adult chickens. The successful cloning of
neomycin and puromycin resistance genes are demonstrated in Figure 19 (lanes 4 and 5)
while the successful PCR of the fragments required to assemble these products that were

inserted into the gene drives, is shown in Figure 18.
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Lastly, the OVM homology arms had to be appended to the OVM-syc-FIX-Neo gene drive in
order to allow for HDR integration into the chicken genome upon transfection into PGCs.
Figure 20 (lanes 5 and 6) demonstrates the successful cloning of the homology arms onto the
gene drive, as indicated by the lower bands at 0.9 kb for the 5" and 3" homology arms. These
homology arms had to be added as the final step, as opposed to the OVA gene drive, as they
contained a restriction site also present in the resistance gene. Thus, if the steps were
performed the other way around, the homology arm would have been cut and upon ligation
could have been excluded from the gene drive together with a sizeable chunk of the construct.
In addition to this, the gene drive could have been re-arranged. Similarly with the OVA gene
drive, which contained a restriction site used for homology arm cloning in the puromycin
resistance fragment. These changes could have negatively impacted gene drive function in
the future. Upon successful completion of these gene drives, it is the idea that these
constructs, once transfected into cells, will integrate under their relevant loci (OVA and
OVM). This would eventually translate into FIX expression under both of these promoters

and allow for the constructs to be passed down from generation to generation.

4.2 A line of PGCs is successfully established allowing for editing of the chicken
germline

After the constructs were completed, PGCs had to be prepared as they would be the vehicle
for transfection. PGCs were initially obtained from the germinal crescent of embryos,
however, they were too few and the surrounding tissue persisted in culture for too long
(Figure 21A). The cells did not appear to multiply to a sufficient number at the end of three
weeks as evident by minimal cells present after staining and, thus a different method of
extraction was attempted, that according to literature, provides a better yield. Too few PGCs
at this stage is in line with literature as at stage 4-11 only 130 PGCs are predicted to be

present?%4L,

PGCs were, thus harvested from the blood of HH 14-17 embryos and plated on a dish
containing a CEF feeder layer. While some literature demonstrates that PGCs can be cultured
successfully on nothing but the plastic cell culture material, it was found that majority of the
other publications demonstrate that PGCs grow better and proliferate faster when placed on a
feeder layer>*%%92106 This method was thought to be most ideal especially in the case of
limited time. Once extracted from the blood of embryos and plated, PGCs were identified
through IHC staining (Figure 22A), after 3 weeks in culture. PGCs reached colony formation
within 2-3 weeks (Figure 22C) as is demonstrated in literature'®>®2, It is suspected that this is
due to the proliferative response elicited when they come in contact with other cells, namely
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the CEFs. As PGCs are so few upon extraction, they would need to reach far greater numbers
to proliferate faster and thus placing them on the feeder layer provided the contact stimulation
which would otherwise be lacking. The CEF feeder layer also has the benefit of secreting
hormones necessary for PGC maintenance, which in combination with added hormones
provides the ideal culture environment. PGCs would reach confluency of approximately
5x10° cells after three weeks with passaging every week. PGCs also responded well to freshly
isolated cells being added to the culture. Cells were maintained for extended periods (up to 2-
3 months) before being replenished with fresh cells. While this method provided PGCs at a
sufficient number to accomplish the objectives in this project, the number of PGCs that could
be reached in culture was still a limiting factor in cases where replicates and repetition was

required.

4.3 Busulfan is effective at eliminating native PGCs and preparing embryos for
repopulation

While PGCs were kept in culture to reach sufficient numbers for downstream editing and
transfection experiments, native PGCs were treated with busulfan for ablation in the gonads
of HH 14-17 embryos. There is a general trend shown after staining with SSEA-1, in Figure
23, that PGCs decreased overall from the control to higher concentrations of busulfan
treatment. According to these results, 85ug of busulfan had the best effect on PGC depletion,
however, this only gave a qualitative result and the viability needed to be compared and the
number of stained cells in each treated and untreated sample needed to be calculated in order

to confirm the ablation efficiency quantitatively.

Overall, PGC proportion in controls was significantly higher than in most busulfan groups, as
demonstrated by Figure 24C. Teratogenic effects were more prevalent with increased
busulfan concentrations (Table 12 supplementary), and survival was shown to decrease in a
dose dependent manner from 65 to 85ug/50ul (Figure 24A and D). All these findings were in
line with literature and with expectations as busulfan is toxic to cells other than PGCs, even
though they are most susceptible. Although statistical analysis revealed that there were no
significant differences between survival rates and different concentrations of busulfan
treatment, most likely due to a small sample size, the survival values were still considered as
it has been shown in other papers that viability is affected'®>1%, In Figure 24A we can see
that viability is higher at lower concentrations and drops at higher concentrations of busulfan
treatment. This is the case for when natural viability is considered (24D) as well as viability
only in terms of busulfan treatment (24A). This drop in viability at 85 pg/50ul is not
justifiable for the number of PGCs ablated compared to the 75 pg/50ul (Figure 24B), which
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has a better survival rate. In addition to this, there was found to be no statistical significance
between these two concentrations in terms of ablation efficiency. Viability needs to be
conserved as much as possible as external factors contribute further to future hatchability
number and for this reason 75 ug/50ul was chosen for future ablation experiments. This was
in line with literature where this concentration was determined to be the best compromise
between ablation efficiency and viability®?,1%. In the case of the lowest concentration, 65
ug/50ul, the number of cells remaining was still too high in comparison to the 75 pg/50ul
concentration which had a better ablation efficiency (Figure 24B) and significantly fewer
PGCs after treatment (Figure 24C).

Even in the case of the maximum and minimum PGCs counted in the samples, treatment with
75 pg/50ul gives a similar maximum and minimum to 85 pg/50ul (Figure 24C) with no
statistical significance between the two. Thus, even in the worst-case scenario, the number of
PGCs removed between the two experiments is similar. In the case of the 65 pg/50ul, the
worst-case scenario presents a possibility of having samples with not many more PGCs
removed than is present in an untreated control and for this reason treatment with 65ug of
busulfan was disregarded as being sufficient. The number of PGCs counted in this study as
well as the viability and ablation efficiency at day 7.5 are in line with other studies®,
however, it must be noted that there are variable results across many papers which is
suspected to be due to the antibody used in staining being differentially expressed at different

points during PGC development.

4.4 Neomycin and puromycin successfully select for edited PGCs allowing for a means
to remove unedited cells from culture

Next, treatment concentrations for both neomycin and puromycin selection of PGCs were
determined (Figures 25-26). This was of importance to future experiments that would involve
PGCs transfected with the different gene drives across two separate cell lines. The optimal
concentration for puromycin was determined to be 1.5 pug/ul and neomycin was determined
to be 400 pg/ul, as this is what killed off all cells at the end of the treatment period. The
number of PGCs decreased in a dose dependent manner and overall, there were more PGCs
in the controls at the end of treatment than in the experiments. Concentrations were
considered optimal after 7-5 days of treatment as this meant that these concentrations were
not too strong so as to Kill cells off rapidly, thus, killing cells that may contain the gene drive,
or not too weak where it would still leave cells that did not contain the gene drive. These
findings are in line with literature where similar concentrations are used to select for PGCs in
culture 999899,
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4.5 PGCs are successfully transfected for the OVA and OVM gene drives but do not
undergo genome modification

Once the best concentration for selection was known, PGCs were edited with the gene drives
as well as the mRFP- Tol2 and eSpCas9 constructs. In the ideal scenario, PGCs would have
undergone HDR and incorporated the gene drive under the Ovomucoid and Ovalbumin
promoters. A separate cell line was transfected with the mRFP-Tol2 (Figure 27) construct, in
order to assess repopulation down the line. Gene drive transfected cells were not used for
repopulation assessment as the activity of the construct still needed to be assessed within
PGCs. The mRFP-Tol2 construct alone would provide valuable insight into whether the
method of injecting PGCs into an embryo with a pulled glass needle and mouth pipette was
viable before wasting edited PGCs that are difficult to culture. Figure 27 demonstrates that
the mRFP construct successfully passed into PGCs upon electroporation. It was noted that the
condition that had the least cell death and most fluorescence was the 2-pulse condition. A
single pulse was not efficient at allowing the construct to pass through the membrane and
three pulses were too strong and killed PGCs. Figure 28 shows that the best condition for
transfection is electroporation, compared to lipofection, as this had the highest average

fluorescent cell/cell cluster count per microscope field of view.

Figures 29-30 demonstrate that PGCs transfected with the gene drive never successfully
experienced gene drive integration (Figure 29A and 30A lane 1-4) even though they took up
the various constructs (Figure 29 C and D and 30B and C). While the gene drive was present
in the cells, amplification of the NHEJ product was performed which confirms that the gene
was in fact never removed (Figure 29B and 30A lanes 5-6). This is suspected to be due to the
gRNASs not promoting cutting at the target site or having reduced efficiency and thus
preventing integration of the gene drive. This may be because the cassette is non-functional
or that the target site is partly inaccessible to the gRNAs and Cas9 because the chromatin is
in heterochromatin form. In addition to this, editing efficiency could naturally be low and
repeating the experiment in duplicates or triplicates may be useful, however, this would

require more PGCs, which is a major limiting factor in this method.

4.6 Re-population of embryo gonads requires optimisation

The repopulation of gonads was then attempted using the edited tracer PGCs and ablated

embryos (Figure 31). These results demonstrate that PGC repopulation is largely

unsuccessful as indicated by the mean of 1.2 PGCs per embryo over 5 samples. While this

indicates the presence of PGCs it is important to note that the results are inconclusive as

counter staining would need to be performed to confirm that the fluorescent cells are in fact
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PGCs. This could not be performed due to time constraints of ordering the necessary

antibody that would bind to RFP after exposure to formaldehyde.

Low or lack of PGC repopulation could be as a result of the method as a whole being
technically challenging or as a result of repetition and practice needed which could not be
assessed due to limited PGCs. The first issue with this method is that after ablation there are
few embryos to work with due to the low survivability as well as sex ratio. Viability further
decreases as embryos are disturbed a second time for sexing and then PGC injection.
Embryos must then be grown to at least day 5,5 to visualise repopulation. The viability of
embryos has been shown to decrease drastically as incubation time increases after
modification and sterilisation®2,1%, Additionally, the method on its own is incredibly difficult
to perform gently as well as consistently penetrate the vessels. Commonly, a microinjector is
used which allows for the control of pressure and volume as well as allows for dexterity when
performing the process under a microscope. These machines also come with needles; thus,
needle size can be controlled which eliminates possible avenues of error. Unfortunately, these
pieces of equipment are expensive to purchase and thus accessibility is limited.

4.7 Improvements, future work, and conclusion

Going forward, in order to be able to make any improvements to the work done in this
project, a larger number of PGCs is required. In order to improve on PGC culture and obtain
what would be necessary to troubleshoot downstream experiments, an alternative method of
PGC extraction could be attempted- gonadal extraction. PGCs in the gonads are estimated to
be anywhere between 500-25008" cells which is significantly more than what is present in the
blood. While gonadal PGCs proliferate slower initially, they eventually overtake their blood
counterparts and exceed them in number in later culture. Another method of increasing the
number of PGCs, is to reprogramme CEFs through the introduction of stem cell specific
genes and exposure to stem cell hormones in culture. While this was demonstrated to be
feasible it must be noted that expression ability of these reprogrammed cells has not been
fully investigated®®. In addition to different extraction methods, culture conditions can also be
optimised in order to encourage proliferation of PGCs. It was demonstrated that 3D culture
offers a significant improvement in growth, however, additional reagents would need to be
acquired to attempt this and they might prove costly®®. For this reason, the first change that

should be made to improve the number of PGCs is varying the extraction method.

Once sufficient numbers are obtained, PGC editing can undergo troubleshooting. Improving
the likelihood of HDR could be done by exposing PGCs to different RS-1 and SCR-7
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concentrations and then testing editing efficiency to identify which amount best promotes
integration. In the event that these meiosis inducing chemicals fail, one could employ
deheterochromatizing agents, such as epigenetic modification??, in order to uncoil
heterochromatic areas that could be preventing the gene drive from integrating and the
gRNAs from cutting. Another strategy would be to re-design gRNAs to cut at a different area
so0 as to avoid the heterochromatin or problem area completely. gRNAs could be designed in
exon 2 and 3 of the OVA and OVM genes, respectively, as these regions were demonstrated
to be modifiable by Oishi et al ®>%°. The gRNAs were originally designed to remove the
entire OVA and OVM gene which may be difficult if there is super-coiling in the DNA in
these regions. gRNA cutting efficiency should also be determined using ENGEN to ensure
that the cassette is functional, before proceeding with the aforementioned measures. In
addition to all these changes, PGCs can be Percoll purified before transfection in order to
increase the number of cells transfectable as this was shown to improve transfection
efficiency greatly®. This will be especially helpful if the lack of integration is purely due to

low efficiency.

In order to improve repopulation efficiency, a larger number of PGCs would need to be
injected or electroporation of constructs directly into the embryo could be explored.
Additionally, cells could be allowed more time to recover after transfection, in order to
maximise the number of recovered PGCs available for repopulation. A tracer construct
containing an antibiotic resistance gene could also be employed to select for cells and, thus
isolate only RFP containing cells, rather than using manual isolation. These suggestions
should solve the issue around repopulation, however, to enact these would require a

significant extension to the timeline.

Once integration and repopulation are accomplished, embryos would need to be hatched and
assessed for integration using PCR, similarly to what was done for integration assessment in
transfected PGCs. Alongside this, protein expression experiments will be performed in
oviduct cells to determine whether the FIX protein is expressed. The presence of FIX can be
easily identified in culture with a dip test for the His tag included in the FIX sequence.
Further to this, a protein function assay will need to be done, known as a coagulation assay,
which will determine the serine protease efficiency of the FIX protein.

In conclusion, this study provides valuable insight into the activity of the gene drive
constructs in PGCs and where areas need improvement in order to accomplish integration in

the chicken germline. It also provides a method of ablating native PGCs in order to prepare
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embryos for repopulation with edited PGCs, it highlights areas where repopulation needs to
be improved, and it provides a method of how to culture PGCs as well as select for them for
transfection purposes. Additionally, it has proved valuable transfection conditions that can be
used in the future as well as created constructs that can be used for editing PGCs and
expressing human FIX in a transgenic chicken bioreactor. These preliminary findings
accomplish the important first major steps towards creating cheaper therapeutic protein
products and if successful in the future, could provide a construct capable of modifying other

animal bioreactors for therapeutic expression.
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6. Supplementary
6.1 Sequencing for gene drives

Sequencing was performed for each modification in the gene drive, except the homology
arms, in order to reconfirm that insertion did take place as well as confirm the sequence was
free of any major mutations that could hinder downstream and future applications. Homology

arms were not sequenced as sequence variability in this region is forgiving.

COTACAGTTTTTCTTCATCATGAARACGCCAACRARRTTCTCAATCGECCAARGACGTATARTTCAGCTARATTGCAACAGTTTGTTCARGECAACCTTGACACRGAAT

Consensus GCOTACAGTTTTTCTTGATCATGAAAACGCCAACAAAATTCTGAATCGOCCAAAGAGGTATAATTCAGGTAAATTGGAAGAGT TTGTTCAAGGGAACCTTGAGAGAGAAT
b ref seq(2)(2) GCOTACAGTTTTTCTTOATCATGAAAACGGCAACAAAATTCTGAATCGOCCAAAGAGGTATAATTCAGGTAAATTGGAAGAGTTTOTTCAAGGGAACCTTGAGAGAGAAT 110
b fwd 1 GCGTACABTTTTTCTTGATCATGAAAACGCCAACAAAATTCTGAATCGGCCAAAGAGGTATAATTCAGGTAAATTGEAAGAGTTTGTTCAAGBGAACCTTGAGAGAGAAT 110
borevi
b orev2
b fwd 2 GEOTACAGTTTTTCTTGATCATGAAAACGECAACAAAATTCTGAATCGGCCAAAGAGGTATAATTCAGGTAAATTGGAAGAGTTTGTTCAAGBGAACETTGAGAGAGAAT 110
Consensus GTATGGAAGAAAAGTGTAGTTTTGAAGAAGCACGAGAAGTTTTTGAAAACACTGAAAGAACAACTGAATTTTGGAAGCAGTATGTTGATGGAGATCAGTGTGAGTCCAAT
b ref seq(2)(2) GTATGGAAGAAAAGTGTAGTTTTGAAGAAGCACGAGAAGT TTTTGAAAACACTGAAAGAAGAACTGAATTTTGGAAGCAGTATGTTGATGGAGATCAGTGTGAGTCCAAT 220
b fwd 1 GTATGGAAGAAAAGTGTAGTTTTGAAGAAGCACGAGAAGT TTTTGAAAACACTOAAAGAACAACTGAATTTTGGAAGCAGTATGTTOATGUAGATCAGTGTGAGTCCAAT 220
b orevi
b rev2 GAAGTTETKG- - 10
¥ fwd 2 GTATGGAAGAAAAGTGTAGTTTTGAAGAAGCACGAGAAGTTTTTGAAAACACTGAAAGAACAACTGAATTTTGGAAGCAGTATGTTGATGGAGATCAGTGTGAGTCCAAT 220
Consensus CCATGTTTAAATGGCGOCAGTTGCAAGGATGACATTAATTCCTATOAATGTTGOTGTCCCTTTGGATTTGAAGGAAAGAACTGTGAATTAGATGTAACATGTAACATTAA
b ref seq(2)(2) CCATGTTTAAATGGCGGCAGT TGCAAGOATGACATTAATTCCTATGAATGTTGGTGTCCCT T TGGAT TTGAAGGAAAGAACTGTGAAT TAGATGTAACATGTAACAT TAA 330
b fwd 1 COATGTTTAAATGGCGGCAGTTGCAAGGATGACATTAATTCCTATGAATGTTGGTOTCCCTTTOGATTTGAAGGAAAGAACTGTGAATTARATGTAACATGTAACATTAA 330
borevi TGC AATTAGATGTAAC-TGTAGC----T 23
[ 10
b fwd 2 CCATGTTTAAATGGCBOCAGTTGCAAGBATGACATTAATTCCTATGAATGTTGOTGTCCCTTTGBATTTGAAGGAAAGAACTGTBAATTAGATGTAACATGTAACATTAA 330
Consensus BAATGBCAGATGCBAGCABTTTTGTAAAAATAGTOETBATAACAAGGTOGTTTOCTCCTATACTGABBGATATCBACTTBCABAAAACCAGAAGTCCTGTBAACCAGCAS
b ref seq(2)(2) GAATGGCAGATGCGAGCAGTTTTGTAAAAATAGTGCTGATAACAAGGTGGTTTGCTCCTGTACTGAGGGATATCGACTTOCAGAAAACCAGAAGTCCTOTGAACCAGCAG 440
fwd 1 GAATGGCAGATGGGAGCAGTTTTGTAAAAATAGTGCTGATAACAAGGTGGTTTGCTCCTGTACTGAGGGATATCGACTTGCAGAAAACCAGAAGTCCTGTGAACCAGGAG 440
b orev 1 AGATGBCAAGTGCGAACG- - -TTGTAAWAGTYKATCEAG TGTETCYGTAY - - -GAGGAWTCGAC-TGCAGAGA - - - - - BAGTTCTGKA- - - CAGCAG 105
b rev2 S --ACCAGCAG 18
b fwd 2 GAATGGCAGATGCGAGCAGTTTTGTAAAAATAGTGCTGATAACAAGGTGGTTTGCTCCTGTACTGAGGGATATCGACTTGCAGAAAACCAGAAGTCCTGTGAACCAGCAG 440
To A TOTETCGMOASTTCTETTTCACAARG TR GUTCAGCTOLTAGALTS TETTOTEATCTGGACTATSTANTTCTACTGARATSAAACOAT
Consensus TGCCATTTCCATOTGGAAGAGTTTCTGTTTCACAAACTTCTAAGCTCACCCOTGCTOAGACTG-TTTTCCTGATOTGGACTATOTAAATTCTACTGAAGCTGAAACCATT
¥ ref seq(2)(2) TGCCATTTCCGATGTGBAAGAGTTTCTGTTTGACAAACTTGTAAGCTGACGGGTGCTGAGAGTGTTTTTCCTGATGTGGAGTATGTAAATTCTACTGAAGCTGAAACCATT 550
b fwd 1 TGCCATTTCCATGTGGAAGAGT TTCTGTTTICAC-AACTTCTAAGCTCACCCGTGCTOABACTG-TTTTCCTGATGTGGACTATG-AAATTCTACTGAAGCTGAA-CCATT 546
borev i T----CATCCATGT-GAAGAGTTTCTGTTTCAC- -ACTTCT-AGCTCA-ACGTGCTGAGACTG-TTTTCCTGATGTGGACTATGTAA--TCTACTG-AGCTGAA--CATT 200
b rev2 TGCAATTTCCA-KKGGAABAGTTTCTGTTTCACAA--BTCTAGGCTCACCCOTGETBABAGTG-TTTTCCTGATOTGOACTATGTAA--TCTACTGAAGCTGAAAGCA-T 121
b fwd 2 TGCCATTTCCATGTGGAABAGTTTCTGTTTCACAAACTTCTAAGCTCAGCCGTGETOABAGTG-TTTTCCTGATOTGGACTATGTAAATTCTACTGAAGCTGAAAGCATT 549
Consensus TTGGATAACATCACTCAAAGCACCCAATCATTTAATGACTTCACTCGOOGTTOTTGGTOGAGAAGATGCCAAACCAGGTCAATTCCCTTOGCAGOTTOTTTTGAATGOTAA
b ref seq(2)(2) TTGGATAAGATGACTCAAAGGACCCAATCATTTAATGAGTTCACTCGBGGTTGTTGGTGGAGAAGATBCCAAACCAGBTCAATTCCCTTGGCAGGTTG-TTTGAATGBTAA 659
b fwd 1 TTGGATAACATCACTCAAAGCACCCAATCATTTAATGACTTCACTCGGGTTGTTGGTGGAG-AGATGCCAAACHAGGTCAATTCCCTTGGCAGGTTOTY TTGAATGGT -A 654
borev i TTGGATWACATCACTC-AAGCA-CCAATCATTTAATGACTTCACTCGGGTTGTTGOTGOAGAAGATGCC-AACCAGGTCAATTCCCTTGGCAGOTTGTTTTGAATGGTAA 307
b rev2 TTGGATAACATCACTCAAAGCA-CCAATCATTTAATGACTTGACTCGGGTTGTTOOTGBAGAAGATGCCAAACCAGGBTCAATTCCCTTGOCAGGTTGTTTTGAATGOTAA 230
¥ fwd 2 TTGGATAACATCACTCAAAGGAGCCAATCATTTAATGACTTGACTCGGG-TGTTGOTGBAGAARATGCCAAACCA-GTCAATTCCCTTGGCAGGTTGTTTTGAATGGTAA 657
ACTTCATOCATTCTOTORAGGCTCTATCETTAATCAARATCOATTGTACTCCTOCCCACTOTCTTOARRGTCTT, MAATTACASTTCTCCCAGETEAACATAAT
Consensus AGTTGATGCATTCTGTOGAGGCTCTATCOTTAATOAAAAATGGATTGTAACTOCTGCCCACTOTOTTGAAACTOOTOTTAAAATTACAGTTGTCOCAGOTOAACATAATA
b ref seq(2)(2) AGTTGATGCATTCTGTGGAGGCTCTATCOTTAATGAAAAATGGATTGTAACTGCTGCCCAGTGTGTTGAAACTGGTGTTAAAATTAGAGTTGTCGCAGGTGAACATAATA 760
b fwd 1 AGTTGATGCATTCTGTGGAGGCTYTWTCOTYWATG - AAAATGGATTGTAACTGCTGCCCACKGTGTTGAAACTGOTOTEAAANTMMC - -RTG-CGCMGGKG-ACAT-ATA 758
b orev 1 AGTTGATGCATTCTGTGGAGGCTCTATCGTTAATGAAAAATGGATTGTAAGTGCTBEGCACTGTGTTGAAACTGGTGTTAAAATTACAGTTGTCGCAGGTGAACATAATA 417
borev2 AGTTGATGCATTCTGTGOAGGCTCTATCOTTAATGAAAAATGGATTGTAACTGCTOCCCACTGTGTTOAAACTOUTGTTAAAATTACAGTTGTCUCAGGTGAACATAATA 340
b fwd 2 AGTTGATGCATTCTGTGGAGGCTCTATCGTTAATG - ARAATGGATTGTAACTGCTGCCH-CTGTGTTG-AACTGGTGT - -AAATTACAGTTGTCGCA-GTGAACATWATT 761
TTORGEas o CAGRACAT sCaOAGC. ARRGCEARTET6nsTC0ATTATT. CTOACEACAACTACASTECAGCATTATA. o ACAACCATGACATTCCC.. T.TEEA.
Consensus TTGAGBAGACAGAACATACAGAGCAAAABCGAAATGTGATTCGAATTATTCCTCACCACAACTACAATGCAGCTATTAATAAGTACAACCATBACATTOCCCTTCTBGAA
b ref seq(2)(2) TTGAGGAGACAGAACATACAGAGCAAAAGCGAAATOTOATTCGAATTATTCCTCACCACAACTACAATGCAGCTATTAATAAGTACAACCATGACATTGCCCTTCTOGAA 79
fwd 1 TTGAGMGATCAGAACATEMEGAGCCAAAG-SCAATG-GATTCGATTTATTTCT - --CACAACTACATKGMA - -CAYTAATAGTCAC - ACATTGCCTETTKGGAC 859
b orev 1 TTGAGBAGACAGAACATACAGAGCAAAAGCGAAATGTGATTCGAATTATTGCTCAGCACAAGTACAATGCAGCTATTAATAAGTACAACCATGAGCATTGCCCTTCTGGAA 527
b rev2 TTGAGGAGACAGAACATACAGAGCAAAAGCGAAATGTGATTCGAATTATTCCTCACCACAACTACAATGCAGCTATTAATAAGTACAACCATGACATTGCCCTTCTGAGAA 450
b fwd 2 TTGAGGAGAMAGAACATACAGAGC -AAAGCG-AATGTGEATCGBATTATTTC-YMCCACAGCTACHATGCAGCTATT-ATAGGTACA--CATGACATTGC - =~~~ ---- 8ss
Consensus CTBGACGAACCCTTAGTGCTAAACAGCTACGTTACACCTATTTGCATTGCTGACAAGGAATACACGAACATCTTCCTCAAATTTGGATCTGGCTATGTAAGTGGCTGGGG
b ref sea(2)(2) GTGGAGGAAGCGTTAGTGCTAAAGAGCTACGTTAGAGGTATTTGCATTOGTGACAAGGAATAGAGGAAGATCTTCGTGAAATTTGOATGTGOCTATGTAAGTGGCTGG00 989
b fwd 1 - 570
borevi CTGGACGAACCCTTAGTGCTAAACAGCTACGTTACACCTATTTGCATTGCTGACAAGGAATACACGAACATCTTCCTCAAATTTGGATCTGGCTATGTAAGTGGCTGAGE 637
b rev2 CTGGACGAACCCTTAGTGCTAAACAGCTACGTTACAGCTATTTGCATTGCTGACAAGGAATACACGAACATCTTCCTCAAATTTGGATCTGGCTATGTAAGTGGCTGGGG 560
PAWA2 | s e T ETGAC - - = = m == e e m = m e = o e e e e e e e e 86z

ANGAGTCTTCCACARRGGGAGATCAGCTTTAGTTCTTCAGTACCTTAGAGTTCCACTTCTTGACCEAECCACATETCTTCEATCTACAAAGTTCACCATCTATARCAACA

Consensus AAGAGTCTTCCAGAAAGGGAGATCAGCTTTAGTTCTTCAGTACCTTAGAGTTCCACTTGTTGAGCGAGCCACATETCTTCGATCTACAAAGTTCACCATCTATAACAACA

b ref seq(2)(2) AAGAGTCTTCCACAAAGGGAGATCAGCTTTAGTTCTTCAGTACCTTAGAGTTCCACTTGTTGACCGAGCCACATBTCTTCGATCTACAAAGTTCACCATCTATAACAACA 1099
b fwd 1 870
borevl AAGAGTCTTCCACAAAGGGAGATCAGCTTTAGTTCTTCAGTACCTTAGAGTTCCACTTGTTGACCGAGCCACATGTCTTCGATCTACAAAGTTCACCATCTATAACAACA 747
b rev2 AAGAGTCTTCCACAAAGGBGBAGATCAGCTTTAGTTCTTCAGTACCTTAGABTTCCACTTGTTBACCGAGCCACATBTCTTCGATCTACAAAGTTCACCATCTATAACAACA 670

Bfwd2 | e oo TRBACRBAGCC -~~~ -~~~ === === -m - m oo 873

TETTCTCTECTGECTTCCATCARGEAGETACAGATTCATETCARGGAGATAGTEEECCACCCCATETTACTCARGTECARGECACCAETTTCTTAACTCCAATTATTAGE

Consensus TGTTCTGTGCTGGCTTCCATGAAGGAGGTAGAGATTCATGTCAAGGAGATAGTGGGGGACCCCATGTTACTOAAGTGGAAGGGACCAGTTTCTTAACTGGAATTATTAGE

b ref seq(2)(2) TGTTCTGTBCTBGCTTCCATGAAGGAGGTAGAGATTCATGTCAAGGAGATAGTGGGGGACCCCATGTTACTGAABTGGAAGBGBACCABTTTCTTAACTGGAATTATTAGE 1209
b fwd 1 870
b rev 1 TGTTCTGTBCTGGCTTCCATGAAGGAGGTAGAGATTCATGTCAAGGAGATAGTGBGGGACCCCATGTTACTGAABTGGAAGBGACCABGTTTCTTAACTGBAATTATTAGC 857
b orev2 TGTTCTGTOCTOGCTTCCATGAAGOAGGTAGAGATTCATOT CAAGGAGATAGTGOGGOACCCCATGTTACTOAAGTGOAAGGOACCAGTTTCTTAACTGOAATTATTAGE 780
L T T ATTAGC 879

T6666TOARGAGTETGCARTCAR. 6 A, TATCCAATATATACCAR. b, ATCCCGGTATGTCAAC. GOATTANGGARRRRACARAGCTCACTCTECRRGTECTETTTGA

Consensus TGGGGETGAAGAGTGTBCAATBAAAGGCAAATATGBAATATATACCAAGGBTATCCCBGTATEBTCAACTEBATTAAGGAAAAAACAAAGCTCACTCTGBAAGTGCTGBTTTGA

b ref seq(2)(2) TGGGOTGAAGAGTGTGCAATGAAAGGCAAATATGGAATATATACCAAGOTATCCCGOTATGTCAACTGGATTAAGGAAAAAACAAAGCTCACTCTOGAAGTGCTGTTTOA 1319
T e e e e e s o0 o0 0 0 0 0 0 3 3 2 2 1 ) 2 2 2 2 2 2 2 5 2 2 1 1 1 2 2 2 2 2 2 2 2 0 1 1 1 1 1 1 1 1 1 870

borevl TGGGGTGAAGAGTGTGCAATGAAAGGCAAATATGOBAATATATACCAAGGBTATCCCBGTATGTCAACTGBATTAAGGAAAAAACAAAGCTCACTCTGGAAGTGCTGTTTGA 967

brevz TGGGOTGAAGAGTGTGCAATGAAAGGCAAATATGOAATATATACCAAGGTATCCCOOTATOTCAACTGOATTAAGGAAAAAACAAAGCTCACTCTGGAAGTGCTGTTTGA 850

b fwd 2 Tom e AACGTACETA- ===~ ACCAWTBCATKCCK- == -~~~ ACABBAT = = = = = = = m == = m e e e o A 812



Figure 32: FIX sequencing results for the OVA-HA-FIX gene drive. The reference sequence
is presented first as “ref seq” and all bases that do not match in the sequencing results to this
sequence are highlighted in grey. Multiple sequence results for a single strand are shown as

“fwd” or “rev” depending on which direction they were sequenced in.

ACTAGTAACAGGCTCACTCCAGARRCCCCARCCATTCTTTATACCATGATTTTTCTTCCARACATARTCATECTAACCCTGATGCTCARRRTTTCATCATCCTCATTTET

Consensus ACTAGTAACAGGCTCACTCCAGAAACCGGAACCATTCTTTATACCATGATTTTTCTTCCAAACATAATCATGCTAACCCTGATGCTCAAAATTTCATGATCCTCATTTET
b ref seq sycpl ACTAGTAACAGGCTCACTCCAGAAACCGGAACCATTCTTTATACCATGATTTTTCTTCCAAACATAATCATGBCTAACCCTGATGCTCAAAATTTCATGATCCTCATTITGRT 110
b fwd 1 -

b orev i1 ACTAGTAACAGGCTCACTCCAGAAACCGGAACCATTCTTTATACCATGATTITTTCTTCCAAACATAATCATGCTAACCCTGATGCTCAAARTTTCATGATCCTCATTITGT 110
b fwd 2 ACTAGTAACAGGCTCACTCCAGAAACCGGAACCATTCTTTATACCATGATTTTTCTTCCAAACATAATCATGCTAACCCTGATGCTCAAAATTTCATGATCCTCATTTGT 110
> fwd 3

b rev 3 ACTAGTAACAGGCTCACTCCAGAAACCGGAACCATTCTTTATACCATGATTTTTCTTCCAAACATAATCATGCTAACCCTGATGCTCAAAATTTCATGATCCTCATTTGT 110

AACETCAAARACACGCCCCTGCCCCCAACCAGTTTTAGCCTTCACCTCTTCTTTTTATGTCCAGCCTTGCACTCTETTTCCCCACCCAGTCTCCCCCATCCEECCCTCO

Consensus AACGTCAAAAACACGCCCCTGCCCCCAACCAGTTTTAGCCTTCACCTCTTCTTTTTATGTCCAGCCTTGGCACTCTGTTTCCCCACCCAGTCTCCGCCCATCCGGEECTCC
P ref seq sycpl AACGTGAAAAACACGGGCCTGCCCCCAACCAGTTTTAGCCTTGACCTGTTCTTTTTATGTCCAGCCTTGGCACTCTGTTTCCCCACCCAGTCTCGCCCATCCGGGGCTCC 220
> fwd 1
porevi AACGTGAAAAACACGGGCCTGCCCCCAACCAGTTTTAGCCTTGACCTCTTCTTTTTATGTCCAGCCTTGGCACTCTGTTTCCCCACCCAGTCTCCGCCCATCCGGCGGCTCC 220
» fwd 2 AACGTCAAAAACACBCCCCTGCCCCCAACCAGTTTTAGCCTTCACCTCTTCTTTTTATGTCCAGCCTTGGCACTCTGTTTCCCCACCCAGTCTCCCCCATCCGGCCCTCC 220
» fwd 3

b rev3 AACGTCAAAAACACBCCCCTGCCCCCAACCAGTTTTAGCCTTCACCTCTTCTTTTTATGTCCAGCCTTGGCACTCTGTTTCCCCACCCAGTCTCCCCCATCCGGCCCTCC 220

COCCCCATCCTACTTCTTGGTCTCATTAAGACTCACAG_CAGCTCCCG TTTGCTTECTTAGTCOGCCCTATTETETAGCCACAGCARAT GARGTTACARACACATACA

Consensus CCCCCCATCCTACTTCTTGGTCTCATTAAGACTCACAG CAGCTCCCG TTTGCTTGCTTAGTCGGGG6TATTGTGTAGCCACAGCAAATGAAGTTACAAACACATACAG

b ref seq sycpi CCCCCCATCCTACTTCTTGGTCTCATTAAGACTCACAGACAGCTCCCGTTTTGCTTGCTTAGTCGGGGGTATTGTGTAGCCACAGCAAATGAAGTTACAAACACATACAG 330

» fwd 1

borevi CCCCCCATCCTACTTCTTGGTCTCATTAAGACTCACAGGCAGCTCCCGCTTTGCTTBCTTAGTCGGGGGTATTGTGTAGCCACAGCAAATGAAGTTACAAACACATACAG 330

» fwd 2 CCCCCCATCCTACTTCTTGGTCTCATTAAGACTCACAGACAGCTCCCGTTTTGCTTGCTTAGTCGGG6GGTATTGTGTAGCCACAGCAAATGAAGTTACAAACACATACAG 330

b fwd 3

Forev3 CCCCCCATCCTACTTCTTGGTCTCATTAAGACTCACAGBCAGCTCCCGETTTGCTTGCTTAGTCGGG6GGTATTGTGTAGCCACAGCAAATGAAGTTACAAACACATACAG 330

Consensus GAAGTTCTATAGACTCCCAAAGCCATCTTTAGCACCCAGCAACCACAGGACTCCTCAGAAATGACTTCTTTTTATG66G6CTTATGGCTGTAGCACAGGACTCATGTTTEE

b ref seq sycpl GAAGTTCTATAGACTCCCAAAGCCATCTTTAGCACCCAGCAACCACAGGACTCCTCAGAAATGACTTCTTTTTATGGGGCTTATGGCTGTAGCACAGGACTCATGTTTGG 440

b fwd 1

»revi GAAGTTCTATAGACTCCCAAAGCCATCTTTAGCACCCAGCAACCACAGGACTCCTCAGAAATGACTTCTTTTTATGGGGCTTATGGCTGTAGCACAGGACTCATGTTTGG 440

» fwd 2 GAAGTTCTATAGACTCCCAAAGCCATCTTTAGCACCCAGCAACCACAGGACTCCTCAGAAATGACTTCTTTTTATGGGGCTTATGGCTGTAGCACAGGACTCATGTTTGG 440

b fwd 3

b rev3 GAAGTTCTATAGACTCCCAAAGCCATCTTTAGCACCCAGCAACCACAGGACTCCTCAGAAATGACTTCTTTTTATGGGGCTTATGGCTGTAGCACAGGACTCATGTTTGG 440
TTCTCAGCATCCACCAGE CAACTAACARCCATCTGTAACTCCATTCCARG s CroCTACTCCTTATECATECCOAGGACECTECACTERTRCACGETTGATCATAL

Consensus TTCTCAGCATCCACCAGGCAACTAACAACCATCTGTAACTCCAATTCCAAGGGCTCCTACTCCTTATGE6ATGCCCAGGACGCTGCACGTEG6TGCACGGETTGATGCATAC

» ref seq sycpl TTCTCAGCATCCACCAGGCAACTAACAACCATCTGTAACTCCAATTCCAAGGGCTCCTACTCCTTATGGATGCCCAGBGGACGCTGCACGTBGTGCACGGBTTGATGCATAC 550

» fwd 1 CAAGGACCT- - - - 9

b revi TTCTCAGCATCCACCAGGCAACTAACAACCATCTGTAACTCCAATTCCAAGGGCTCCTACTCCTTATGGATGCCCAGGACGCTGCACGTGGTGCACGGGTTGATGCATAC sso

» fwd 2 TTCTCAGCATCCACCAGGCAACTAACAACCATCTGTAACTCCAATTCCAAGGGCTCCTACTCCTTATGGATGCCCAGGACGCTGCACGTGGTGCACGGGTTGATGCATAC 550

P fwd 3

b rev3 TTCTCAGCATCCACCAGGCAACTAACAACCATCTGTAACTCCAATTCCAAGGGCTCCTACTCCTTATGGATGCCCAGBGGACGCTGCACGTGBGTGCACGGBTTGATGCATAC 550

Consensus ATCCACATGAAACACTCTATAACAC CACCAGAACATAATAAATACAGCCTTAGAAAAGGAAAGCACTGAGACGCCTTTAAATGGCTATACACCAACGAGGGGGTTGGEE

b ref seq sycpl ATCCACATGAAACACTCTATAACACGCACCAGAACATAATAAATACAGCCTTAGAAAAGGAAAGCACTGAGACGCCTTTAAATGGCTATACACCAACGAGGGGGTTGGGG 660

b fwd 1 ATAAATACAGCCTTAGAAAAGGAAAGCACTGAGACGCCTTTAAATGGCTATACACCAACGAGGGGGTTGGGG 81

P revi ATCCACATGAAACACTCTATAACACACACCAGAACATAATAAATACAGCCTTAGAAAAGGAAAGCACTGAGACGCCTTTAAATGGCTATACACCAACGAGGGGGTTGGEG 660

» fwd 2 ATCCACATGAAACACTCTATAACACGCACCAGAACATAATAAATACAGCCTTAGAAAAGGAAAGCACTGAGACGCCTTTAAATGGCTATACACCAACGAGGGGGTTGGGG 660

» fwd 3 CACTGAGACGCCTTTAAATGGCTATACACCAACGAGGGGGTTGGGG 49

b orev3 ATCCACATGAAACACT TATAACACACACCAGAACATAATAAATACAGCCTTAGAAAAGGAAAGCACTGAGACGCCTTTAAATGGCT—— 637

Consensus. 6666GCTTTCCCAGCATCCTCCGACAATTTTGAGCGCAGACTTGGTAGAGAACCCGBCACGTGGGAAGGBAAATCTCOCGAGAAGTGCTGCGCGCGAGATCCCGGCCAGE

P ref seq sycpl GGGGGCTTTCCCAGCATCCTCCGACAATTTTGAGCGCAGACTTGGTAGAGAACCCGGCACGTGGGAAGGBAAATCTCGCGAGAAGTGCTGCGCGCGAGATCCCGGCCAGE 770

» fwd 1 GGGGGCTTTCCCAGCATCCTCCGACAATTTTGAGCGCAGACTTGGTAGAGAACCCGGCACGTGGGAAGGGAAATCTCGCGAGAAGTGCTGCGCGCGAGATCCCGGCCAGC 191

»orevi -- 61

b fwd 2 EEGGGCTTTCECAGCATCCTECGACAATTTTGAGCGCAGAETTGGTAGAEAACCCGGCAEETGGGAAGGEAAATCTCGCEAGAAGTGCTEEGCGCGAGATECCGGCCAEE 770

» fwd 3 GGGGGCTTTCCCAGCATCCTCCGACAATTTTGAGCGCAGACTTGGTAGAGAACCCGGCACGTGGGAAGGGAAATCTCGCGAGAAGTGCTGCGCGCGAGATCCCGGCCAGC 159

P reva == 637

Consensus TEGACCAACCEGTTAAATTGAGBGCCGGTCG6C66CCAGCCTCCCAGTCCCGCBABTTCTCGE66CTTCCAGGBAGGBTTCTGAGG66AAGCTCACGGTTCCGTTCCATGTCGTCTT

» ref seq sycpl TGGACCAACCGTTAAATTGAGCCGGTCGCB6CCAGCCTCCCAGTCCCGCBAGBTTCTCGEGCTTCCAGGAGGBTTCTGAGGG6AAGCTCACGGTTCCGTTCCATGTCGTCTT 880

b fwd 1 TGGACCAACCGTTAAATTGAGCCGGTCGCBGCCAGCCTCCCAGTCCCGCGAGBTTCTCGBGGCTTCCAGBAGBTTCTGAGGBGAAGCTCACGGTTCCGTTCCATGTCGTCTT 301

b revi -- 661

p fwd 2 TGGACCAACCGTTAAATTGAGCCGGTCGCGGCCAGCCTCCCAGTCCCGCGAGTTCTCGEGCTTCCAGGAGGTTCTGAGGGEGAAGCTCACGETTCCOTTCCATGTCGTCTT 880

» fwd 3 TGGACCAACCGTTAAATTGAGCCGGTCGCGGCCAGCCTCCCAGTCCCGCGAGTTCTCGGGCTTCCAGGAGGTTCTGAGGGGAAGCTCACGGTTCCGTTCCATGTCGTCTT 269

P rev3 - - 637
CATARAGEAGCECAecCOOOECCACOEELCECEEAGCCTOACACEETERECETETEOACEETOTCEERECCTOO6ECCCACET CACACCTCTETC CE 6TBTCTCGN

Consensus CATAAAGGAGCOCACGCOGOGCCACGOBCCOCOGABCCTOACAACGOTGAGGBTOTEGAGGOTGTCOGGOCCTOOOBCECACGT CACACCTETOTE €6 6TGTCTEOA

» ref seq sycp1 CATAAAGBAGCBCACBCBGBBGCCACBBBCCBCBBAGCCTGACAACGBTGAGBGTGTGBGAGGBTGTCBGGBCCTEGBGBCCCACGTACACACCTCTGTCACGCBTGTCTEGA 990

b fwd 1 CATAAAGOAGCOCACTCO000CCACAR0CCACOAAEETIACAACIOTOAGEATATAA0AGTATCOa0000T0000CECACATBOACACCTETOTCNCOMATATCTCAA a1t

porevi -- sen

b fwd 2 FATRKAGGAGFGFAFGFGGGGFFAFGGGFFGFGGKGFFTGAFRAFGGTGAGGGTGYGGAGGGTG"FGGGGf‘f‘TGGGGFFFAFGTAFAFAFFTFTGYFAFGFGTGTFTFGA 990

b fwd 3 CATAAAGGAGCGCACGCGGGACCACGEGCCGCEGAGCCTGACAACGETGAGGGTOTGGAGGETGTCGGGGCCTGGGBCCCACGTECACACCTCTGTCTCOTGTGTCTCGA 379

b orev3 | 37

Consensus GTAAGCGCGCGGCGGGCEGGAGT -

¥ ref seq sycp1 GTAAGCGCGCGBCGGGBCBGGAGBT - 1013

b fd 1 GTAAGCGCGCGBCGEECEGGAGT - 434

porevi 658

b fwd 2 GTAAGOGOGCGECEG606GGABT- 1013

» fwd 3 GTAAGCGCGCGHCAGACHA0ABT - 402

b rev3 [=—= -] 637

Figure 33: Sycpl sequencing results for the OVA-HA-Syc-FIX gene drive. The reference

sequence is presented first as “ref seq” and all bases that do not match in the sequencing
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results to this sequence are highlighted in grey. Multiple sequence results for a single strand

are shown as “fwd” or “rev” depending on which direction they were sequenced in.

CTGAGGCGGARRGAACCAGCTOTGGAATGTGTCTCAGTTAGEGTGTGEAAAGTCCCCAGGCTCOCCAGCAGGCAGAAGTATGCARAGCATGCATCTCAAT

consensus CTGAGGCOBAAAGAACCAGCTGTGOAATGTGTGTCAGT TAGOGTGTGBAAAGTCCCCABGCTCCCCAGCAGOCAGAAGTATACAAAGCATOCATCTCAAT
b ref seq CTGAGGCGGAAAGAACCAGC TGTGGAATGTGTGTCAGT TAGGGTGTGGAAAGTCECCAGBCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAAT 100
b fwd 1 CTGAGGCGGAAAGAACCABCTGTAGAATGTGTGTCAGTTAGGGTGTGGAAABTCCCCAGBBCTCCCCAGCAGAGCAGAAGTATGCAAAGCATGCATCTCAAT 100
borev i CTGAGGEGGAAAGAACCAGETGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCECCAGBGTCCGCAGCAGGCAGAAGTATGCAAAGCATGGATCTCAAT 100
T [ S e e B e e e RS S et e

b fwd 2 CTAAGGCGGAAAGAACCAGBCTATAGAATOTGTGTCAGTTAGGGTATGGAAABTCCCCAGBCTCCCGCAGCAGAGCAGAAGTATACAAAGCATGCATCTCAAT 100
L2 e

TAGTCAGCAACCAGGTOTOGAAAGTCCCCAGECTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAG:CCCGCCCCTAR

Consensus TAGTCAGCAACCAGGTGTGGAAAGTGGECAGOCTCCGCAGCAGGCAGAAGTATGOGAAAGCATGCATCTCAATTAGTCAGCAACCATAGTGGGGCCGETAA
b rof seq TAGTCAGCAACCAGGTGTGAAAAGTCCCCAGGCTCOCCAGCAGACAGAAGTATOCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAA 200
b fwd 1 TAGTCAGCAACCAGGTGTGGAAAGT CCCCAGGCTCLCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAA 200
borev 1 TAGTCAGCAACCAGGTGTBGAAAGTCCCCAGGCTCCCCAGCABGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCOTAA 200
b ofwd 2 TAGTCAGGCAAGGAGGTGTGGAAAGTGGCCAGGCTGOGCAGGAGGCAGAAGTATGGAAAGCATGCATGTCAATTAGTCAGCAAGCATAGTGGGGCGGGTAA 200
S| i Apsguilyhpupuphpu s uphylplypupeieipupupippapuiuieipupuiupuphpupul o upupdpudspis s sy s gl bnuiuguuplpl sy paput S @TEsECCCGEC - - - - - 11

CTCCGCCCATCCCECCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATCCAGAGGECCAGECCECOTCEGE

Consansus CTCECBCCCATECCBCCECTAACTCCOCECABT TCEOCCCAT TCTCCOCCCCATOOCTGACTAATT T TTTTITATITATGCABAGGCCGAGBCCGCCTCOGE
b ref seq CTCCGCECATCCCGCCCCTAACTECGCECCAGT TCCBCECATTCTCECGECCCATGOCTOACTAATTTITITTATTITATGEAGAGGCEGAGGECBCCTEGGE 300
b fwd 1 CTCCBCCCATCECGCCCETAACTCOGCECCAGT TCOBECCATTCTCCGCOCCATGGCTGACTAATTTTITTTTATTITATGCAGAGBCCEGAGGCCGCCTCGGE 300
borev i CTGCGGCCATGOGGOCGETAACTGGGGCCAGTTGCBGECATTETCCGGGGGATGGCTGACTAATTTTTTTTATTTATGGAGAGGCGGAGGGGGCCTGGGE o0
b fwd 2
b orev 2

CTCTGAGCTATTCCAGAAGTAGTGAGCAGGCTTTTTTGGAGGCCTAGGCTTTTGCARARRGCTTGATTCTTCTGAC. CAACAGTCTCGAACTTAAGGCTA

CTCTGAGGTATTCCAGAAGTAGTGAGGAGGGT TTTTTGGAGGCCTAGGGTTTTGCAAAAAGGTTGATTGTTGTGA AAGAGT TGGAAGTTAAGGGTA
CTCTOAGCTATTCCAGAAGTAGTOAGBAGGCTTTTTTOOAGOCCTAGOCTTTTOCAAAAAGCTTOATTCTTCTOACACAACAGTCTCGAACTTAAGOCTA 400
CTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGGTTTTGCAAAAAGGTTGATTGTTGTGAMGHAACAGTYTGGAAGTTAAGGGTA 400
CTCTGAGCTATTCCAGAAGTAGTGAGGAGGETTTTTTGGAGGECTAGGGTTTTGCAAAAAGGTTGATTGTTGTGACGACAAGAGTCTCGAACTTAAGGCTA 40

CTCTGAGCTATTCCAGAAGTAGTEAGEAGECTTTTTTGOAGGCCTAGGCTTTTECAAAAAGCTTGATTCTTCTEACACAACAGTCTCGAACTTAAGECTA 400
--------------------------------------------- 11

AGCCACCATGACCCACTACAACCCCACCETGCOCCTCECCACCOGCCACCACCTCOCCAGGECCETACECACCCTCECERCEECETTCECE ACTACCE

consensus BAGCCACCATOACCOABTACAAGCGEACOOTOCOCETCOCCACCCOCGACBACOTEECCAGD
b ref seq BA G C A AT A GAGTACAAGC CEACGaTaCGCCTCaCCACCCaCGACEACETCCCCABGGECUTACGOACCCTCGCCACERCUTTCACCAACTAT s00
b fwd 1 GAGCCACCATBACCOAGBTACAAGCCCACG T A O A T D o O O Do oo 83
b orevi SASEgAEeaTaREEeRdTACRA8EEdAE88 88328728880 E88828RC3AEETEE88R885555TA500A500T000000000ATTEA00BAGTASSE mas
b fwd 2 GAEFI‘Ar‘r‘ATeArr‘BAGI’AFAAEFr‘I‘Ar‘BETBFGI‘r‘Tr‘BrrArrraraAreArerrrrraeaarraTArarArrrTrarrerrerarrrarraArTArr‘r s00
Brev2 | e S 11
Consensus CGCCAGGCGEGAG
b raf seq COCCACOCGEDACACEOTCOATCO0GACCOCACATEOABEGOGTEACCOAGE TOEAAGAACTCT TECTCACOCOCOTCO0GETCGACATOOOCAARGTE so0
fwd 1 o A o e e e e e T e P e Ryt a7s
b orev1 rnrrArﬁrnrrArArrﬁrraArrrnaArrarrAl‘ATraAarnasrrArraAannrAAnAArTrrTrrrrArarnrﬁrrasnr'rraArATrnarAAﬁara s00
b fwa2 l.LH.LALGLLH.LALALLulLBATLLbuALLBLLALATLbABLuuulLALLBALH.IbLAAuAALTLITl.LTLALBLALGILBQBLILHALATLBBLAAGBTB soo
L Te 1s
Consensus TO06TCOG00AGCEAGE8COCGOCE0TAGCEGTCTOOAGCCACOCCG0AGABGOTCOAAGGEGO06CAGTOTTCOCCOAGATGOOCGEACOCATEBCEAAST
b ref seq TOGETEOCaaACEACEECaCCaCE0TOGCaGTCTOUACCACOCCOGAGAGCaTCOAAGBCAGaGECEATATTCACCUABATCAGCCEGCACATGOCEGART 70
1 S B e anz
b orevi TBOGTOBCABAGAAA00A00A0B0TABCAATOTABACOADAEOOGABABOATORAABGARABB0ABTATTEA00GABATOABO0GRORCATARGBAGT Tas
b fwd 2 TGGOTCOCOBACGACGOCACCACO0TOOCA0TCTOGACCACACCOGAGAGCATCOAAGCGOAG6CA0TOTTCOCCAABATCABCCEOCOCATOOCEOAGT 700
b orev2 TGGETCBCGGACGBACGECGCCGCEGTGBCEGTCTGGACCACGCCGGAGAGCGTCGAAGCOGGEGCGBTATTCOCCAAGATCOGLCCGCGCATAGCCBAGT 115
Consensus TGAGEGGTTGEEGEGTGGECGCOCEAGEAAGAGATGEAAGGECTGETGOEGECGEACCEGCECAAGGAGGEEGEOTGGTTCCTGGECAGCGTCOGAGTGTG
b ref sea TOAgEg g T TCCC000TG0CC0C00AUCARCAGATO0AAGOCCTCCTOG00C0GCACE00CCOAAGOAGCCO0COTOOTTOCTOOCCACCOTCOOAGTCTC 100
ko CGGTTEOCGEOTGEGCGOG - - GOAAGAGAT s12
»rev; TBAGCOOTTOCCA00TA0CCaC0CAGCAACABATABARGBCCTGOTAGC0CC0CACEROECCARBOABECEACOTOBTTOOTOGCCAGEATCRBABTETE B00
Y fwa 2 TGAGCGBGTTCCCBGCTBGCCBCGCAGCAACAGATGGAABGCCTCCTGGCGCCGEACCEGCCCAABGABCCCACGTEGTTCCTBGCCACCGTCOGAGTCTC 800

borev 2 TGAGCGGTTCCCGGCTGOCCGCGCAGCAACAGATGGAAGGCCTCCTGBCGCCOCACCGGCCCAAGGAGCCCGCGTOBTTCCTGGECACCGTCGGAGTCTC 215

CCCGACCACCAGEGCARGEGTCTGEECAGCOCCOTCOTEETCCCCOEAGTEOAGGCEG0CEABCECECCEGEETECCCRLCTTCCTEOAGACCTCCRC

Consensus GCCCBAGCAGCAGGOCAAGGETCTOGGCAGCGECGTCOTOGTCCCCGGAGTOGAGOEGOCEOAGCGCOCEEGGOTOCCEECETTECTOOAGACGTGGEEE
b ref seq G0CGOACCACCAGEECAAGOGTCTO00CAB00E00TO0TOCTOCCC00A0TO0AR0CO0C0GAGC0COC000G0TOC0CE0CTTCOTOOAGACCTOGG0E 900
ERe i - - - - - GOAGGABBBOA -~ == =~ == =~ =~~~ ===~ — -~ - — ==~~~ G A et P e 530
b orev 1 BCECOACEACEAGB0CAAGBETETOBACAGCACEATEATOCTCEECABAATAGAAGC00CCOABEACACE0AB0TACECECETTECTAAABACETECACA 200
b fwd 2 GECCGACCACCAGGBCAAGGGTCTGGGCAGCGECGTCGTGCTCCCCGBAGTEGAGGCGGCCGAGCGCGCCGGGETECCCBCETTCCTGBAGACCTCCGCG 900
b orev2 GCCCOACCACCAGGOCAAGGOTCETOGOCAGCGCCATCGTOCTCCCCGOAGTOOAOGCO0CC0AGCACOCCOAGG0TECCCOCETTECTA0AGACCTECECE 315

CCCCGCAACCTCOCCTTCTACGAGCEECTCAECTTCACCETCACCECCACETCEAGGTGCCCEAAGRACCEECACCTEOTGCATGACCCECARGCLL

Consensus GCCGOCAAGCTCGEETTCTAGGAGCGOGTECOGET GCATGACGGGGAAGGEGG
b ref seq CCOGGOAAGGTGECOT TOTACGAGOGGETOGGROTTCAGOGTCAGCGGOGAGGTGGAGETGOOCGAAGBACCGBOGEACCTEGTBOATGACCEGOAAGGOOG 1000
Firva R - - - CCCTTCTAGCOABCBBC -~~~ — - ————————————————— - - -CATGACCGGCAAGCCCG 563
b rev 1 CCCCGEAACETCCEECTTETACGABEGGETCORETTCACCGTCACCOCECRACGTCGAGBTGCCCGAAGBACCOEGCACCTEGTBCATGACCEGCAAGCEEG 1000
b twad 2 CCCCGCAACCTCCCCTTETACGAGCGGCTCGGE T s34
b orav 2 CCOCBCAACETEECCTTOTACGABCGGCTCORETTCACCGTCACCOCECOACOTEGAGGTACCCGAAGBACCOOOCACCTOOTOCATGACCEGCAAGCCCG 415
Consensus Sc==—==oo-—=—-=-e--=——-—e--==----o-=o=

b ref seq ST S B O BRGARTTOYAKGTABRBETCE5T ST EAGEnT DA ET So0T T o TASTTECOABOORTE T ET T BT TS ET00TS 1100
b fwd 1 aTeG = 567
b orev 1 GTGCYTGWGAATTCNAA - - - - -- 1017
| (R AR --

L 2 - s34
b orev 2 GTGCCTGAGAATTGTAACTAGAGETCGETGATCAGGGTCGACTGTGCECTTGTAGT TGOGAGCCATGTGTTGTTTGECCETGEECEGTGOETTOGTTGACE 515

Figure 34: Puromycin resistance gene sequencing results for the OVA-HA-Syc-FIX-Puro
gene drive. The reference sequence is presented first as “ref seq” and all bases that do not
match in the sequencing results to this sequence are highlighted in grey. Multiple sequence
results for a single strand are shown as “fwd” or “rev” depending on which direction they

were sequenced in.
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Foreva

consensus

P orax raf sen
z

CTAGTAACAGGCTCACTCCAGAAACCGGAACCATTCTTTATACCATGATTTTTCTTCCAAACATAATCATGCTAACCCTGATGCTCAAAATTTCATGATCCTCATTTETA

CTAGTAACAGGCTCACTCCAGAAACCOOAACCATTCTTTATACCATOAT TTTTCTTCCAAACATAATCATOCTAACCCTOATOCTCAAAATTTCATOATCETCATTTOTA
CTAGTAACAGGE T CACTCCABAAACCGOAACCATTCTTTATACCATGAT T T T CTTCCAAACATAATCATOCTAACCCTOATGCTCAAAATTTCATOATCCTCATTITOTA 110
......................................... AT AT T TG TG AAAGATAATCATGCTAACCCTOATUCTCAARATITCATGATCOTCATTITGTA &

¥

T AGTAAGAGOETEAGTCOAGAAAGGGGAAGEATTOTTTATAGGATOATTTTTOTTGGAA AATGATGETAAGEGTGATBETGAAARTTTGATGATEGTEATTTGTA 110
T AT AACAS T CACT e ACARACE AR AT T T TATAC AT AT T T TTCTTCCARRCATAATCATO TARCC T ATACTCARAATTTCATGATCCTEATTTATA 110
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, TCCAMACATAATC=o-sossoscsomscoacs=s=ssTGATG=====z=z====fl 20

CCCCC“TCCT“CTTCTTGGTCTC:;IEEEEEIEEEEEHEEEEIEEEE;IIIEEIIEEIIEEIEEEEEEIEIIEIEIEEEEEEEEEEEEIE55511525552555152599

CCCCCATECTACTTCTTAGTETCATTAAGACTCACAGECAGETCCCOETTTACETTGCTTAGTCGGGGGTATTGTGTAGCCACAGCAAATOAAGTTACAAACACATACAGS 330
CECECATEETARTTETTOGTET CEATAABACTCACAGBEAGETEECOETTTAETTACT TAGTEOOG00TATTATOTAGCEMEAGCAAATOAAGT TACAAACHMEATACAGS 235

AAGTTCTATAGACTCCCAARGCCATCTTTAGCACCCAGCAACCACAGGACTCCTCAGARATGACTTCTTTTTATEGECCTTATGECTGTAGCACAEGACTCATGTTTGCT

GAGAAATGAGT TGTT T T TATGGEGE T TATGGGTGTAGGAGAGRAGTGATGTTTGGT 440

CECAGEACaETACACATAATACACRRATTAATACATACA 1us

TCCACATGAAACACTCTATAACACACACCAGAACATAATAAATACAGCCTTAGAAAAGGARAGCACTGAGACGCCTTTARATGGCTATACACCAACGAGEGEGTTO6CE0

TeeAGATOAAA TATAGAGGAAGGAGGGOGTTEGGGE

TG CACATOAAACACTCTATAACACACACCABAACATAATAAATACAGECTTAGAAAAGBAAAGCHCTGAGACGECTTTAAATOOCTATACACCAACGAGSGGGTTGRA00 a1n

TG CAGATGAAAGAGT BT ATAAGACAGAGEAGAAGATAATAAATAGAGGGT TAGBAAAAGGAAAGGHETGAGAGBEGT T TAAATGGETATAGAGCAAGGAGGRGGTTGGOGG 660
TEGAGATGAAAGAGTGTATAAGAGAGAGEAGAAGATAATAAATAGAGGG T TAGBAAAAGGAAAGEAGTGAGAGGEETTTAAATGGGTATAGAGEAAGGAGGRGGTTGGGGG o65

LA E e oA AT A AT TG e ACAGAAC B O ACOTEEOAAGGEAMATCTCOCOABANGTSCTECECOEEARNTCECRBECAGE

© Avea A
BBOOOGT T TGGEABGAT GO TECOAGAAT T T TOAGEOGABAGT TG woan COCOABAAGTOG TOCOCOGOAGATEGEOUEEAGT 770
-------------------------------------------------------------------------------------------------------------- 213
BBGBBET T TECEABEAT CETEEOACAAT T TTOABCOCABAET TOBTABABAAGCEOOCAGOTOOBAABDBAAATE TEBEBABAAB. ~ - ___________27277277 74
BBGOBET T TECEABEAT CETEEBAGAAT T T TOAGEGCABAGT TOOTABAGAALECOGCALDTOOOAABGOAAATE TCOCBABAAGT DG TOCOCOCOABATECEOOE0ABE ara

cm

uAul.uLA!.ul.uuuu!.‘l.Al. o

CATAAAGGAGCGEACGCGOOGECACAOOCCECOAAGCCTOACAACOGTGAGGGTOTOBAGGOTGTCAGOGCCTAAGACECACATECACACETCTATETCATATATCTCOA aon

GTAAGCGGGCGGCGGGCGGGAGTCGCTGCGTTGCCTTCGCCGCGTGECGCGCTECGCGC

CGCGTACAGTTTTTCTTEATCATGAAAACGCCAACAAAATTCTGAATCGECCAAAGAGGTATAATTCAGGTAAATTGEAACAGTTTCTTCAAGGGAACCTTEAGAGAGAA

COCGTACAGT TTTTCT TGATCATOAAAACGC CAACAAAAT TCTGAATCGGCEAAAGAGGTATAATTCAGOTAAAT TGGAAGAGT TTOT TCAAGAGAACCTTGAGAGAGAA 110

TGTATGGAAGAAAAGTGTAGTTTTGAAGAAGCACGACAAGTTTTTGAAAACACTGAAAGAACAACTGAATTTTGCAAGCAGTATGTTGATGGAGATCAGTGTGAGTCCAA

TOTATGOAAGAAAAGTOTAGT T TTGAAGAAGCACOAGAAGT TTTTGAAAACAC TGAAAGAACAACTGAATT TTGOAAGCAGTATOTTGATOGAGATCAGTOTOAGTCEAA 220

TCCATGTTTAAATGECGECACTTGCAAGGATGACATTAATTCCTATGAATGTTGCTGTCCCTTTEGATTTGAAGGAAACAACTGTCAATTAGATGTAACATGTAACATTA

T CATATTTAAATAGCAACAGT TGCAAGATOACAT TAATTCCTATAAATGTTGGTATCCCTTTOGAT T TAAAGGAAAGAACTOTGAATTAGATATAACATATAACATTA 330

TTOTAAAAATAGT GATAACAAGAETGGTTTOCTCC

TOTACTGAGGGATATCAACTTGCABAAAACCAGAAGT
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GTGCCATTTCCATGTGGAAGAGTTTCTG CAcAAAcTTchAGETCAECC CTGAGACTGTTTTIcCTGATGTGGACTATGTAAATTCTACT AAGCTGAA ACCAT
G AT C A TG B G AAG AT CT ST CA e eTaT 1es SaageTean
e T T T
T AT T TS AT T A S A T TS T T T CACAA AT S TAA TCACE LT aeTeACACTOTTTITCCTOATATaUACTATATAZATICTACTOARCETOAAACCAT a8y
S e e e e e T R e o
........................................... AScregtssts shshsac oIl E s AR s e an cA ST AR AT ca ciis AR s cnaaa = c Al

TTTGGATARCATCACTCAAAGCACCCARTCATTTARTGACTTCACTCGOGTTETTGATGEACARCATECCARACCAGGTCAATTCCCTTEGCAGETTE (TTTGARTGETA

aa dTraacas
T ATAACAT CACTCARAS CAC S CARTEATTTAATOACTTEACTEaaaTTaTTooT oACARGAT e AARCCAGSTEARTTCCeTTa0CAaeTTaTTTTaAATaaTA s
R T L e L e L e T
e e T e P e e N P e T e L T RS VR T T
355 il el v it s R R R A A S R T R R A A R

RAGTTGATCCATTCTGTGGAGECTCTATCGTTAATCARAAATGEATTGTAACTCCTGCCCACTGTETTGAARCTGETCTTAAAATTACAGTTGTCGCACGTEARCATAAT

AASTTOATACATTS TuYuuAuu‘.T|.YA'r_uY'AAYuAAAAATuuA'TuYAA!.Yu‘.Tul.|.LA‘.'uTuY'uAAA‘.Tuu'uTYAAAAY'ALAu'TuY‘.ur_AuuTuAA‘.ATAAT 770
A GTTGATGEATTCTATGGAGGCTETATCGT TGARAAATGGAT TATAACTGC TG - COMCTGTATTG - AACTRGTGTT - AAATTACAGTTATCECA-GRGAACATAAT 748
AAerraArecATrcTureeAuecTcrArcurrAAreAAAAATueArTurAAcrecTucccAcl’eTurrGAAAcTuel’eTrAAAArrAcAerTurcGcAeGTuAAcATAAT Za1

ATTGAGGA ACAT C CAAAAGCGAAATsTsATTcGAATTATTCCTCACCACAACTACAATGcnsCTATTAATAAGTACAACCATGACATTGCCCTTCTGGA

ATTe
ATTOAGORRAMRGAACATACA Fur
ATTOAGOAGACAGAACATACA 381
ATTGAGRAGACAGAACATACA - s
AT TGAGRAGACAGAACATACAGAGEAAAAGCGAAATGTGAT TEGAATTAT TECTCACCACAACTACAATGCAGETATTAATAAGTACAACCATGACATTIGECCTTETGGA 288

ACTGGACGAAGCCTTAGTGCTAAACAGCTAGGTTACACCTATTTGCATTGCTGACAAGGAATACACGAACATCTTCCTCAAATTTGGATCTGGCTATGTAAGTGGCTGGG

GAAGAGTCTTCCACAAAGGGAGATCAGCTTTAGTTCTTCAGTACCTTAGAGTTCCACTTCTTGACCGAGCCACATGTCTTCGATCTACAAAGTTCACCATCTATAACAAC

BAAGAGTGT TEGAGAAABGGAGATGAGGT T TAGTTGT TGAGTAGGT TAGAGT TGEAGTTGT TGAGCGAGGGEAGATGTGCTIGBATCTAGAAAGT TGAGGATETATAAGAAG

ATGTTCTGTGCTGGCTTCCATGAAGGAGGTAGAGATTCATGTCAAGGAGATACTGGGEGACCCCATGTTACTGAAGTGGAAGGGACCAGTTTCTTAACTGGAATTATTAG

AT e TTCTOTaE TaBCT TCCATOAABGAGGTAGAGAT TCATOTCAAGGAGATAGTOBGGOACECCATOT TACTOAAGTGGAAGEGACCAGTTTCTTAACTOGAATTATTAG 1210

TOTTACTOAAGT GBAAGGOACCAGTTTCTTAACTAGAATTATTAG 710

ATGTTCTOTAGTABC T TECATOAAGGAGOTAGAGATTCATATCAAGOAGATAGTOGAGGACE

CTCGGETGAAGAGTGTGCAATGAAAGGCAAATATGGAATATATACCAAGGTATCCCGGTATETCAACTGGATTAAGGAAAAAACAAAGCTCACTCTGEAAGTGCTCTTTE

CTOOOOTOAABAGTOTUCAATOAAAGGCAAATATOGAATATATACCAAGOTATCEEOOTATOTCAAG TOUAT TAAGBAAAAAACAAAGBETCACTETOOAABTACTATTTE 1320

CTGOBBTOAABADTOTOGAATOAAAGGCAAATATOBAATATATAGCAABGTATCEEOBTATOTEAAG TOOATTAAGBAAAAAACAAAGETCACTETAOAABTGETOTT TG a0
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Figure 35: Sycpl and FIX sequencing results for the OVM-Syc-FIX gene drive. The
reference sequence is presented first as “ref seq” and all bases that do not match in the
sequencing results to this sequence are highlighted in grey. Multiple sequence results for a
single strand are shown as “fwd” or “rev” depending on which direction they were sequenced

in.
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6 CTC  CAC GA T tTaCC AC CCA CC C TGATGaancAA A CATAAATGccc A AAC AGACGAGATTGCATGeer TA T 6T T TCrrrr

Consensus GicTc cac T T CCIACI CCA €C C/ TOATG----AA Al CATAAATG--- A AAC AGACGAGAT--GCATG--- TA T 6T T TC----
b neo ref seq GAGTCTATCAGGOGAGTOTTACGAAGAGGGACAGCEGTOTOATGAAAGAAAACGGATAAATOGGGATAAAAGAAGAGGAGATTGGEATOGETTTATTTOTTTITTGTTTIT 1o
Lravd o
b fwd 2 TAAAACAAGACGAGAT 110
e e P s e
66CGCTTGACTCAG ATTAAARAACTG Aat GTGAAGGTGTCAGCAGCAGTCTTAAAA AACATGTTGGAGCGA co CCCCAAAGTTCTACAATGCATCTGAGGAC
consensus. -GCGC-TGACTCAG ATT--AAAACTG A-- G GAAGGTGTCAGCAGCAGTCT--- AACATGTTGGAG GA -- CCCCAAAGTTCTACAATGCATCTGAGGAC
b neo ref seq BB € o N e A e 8 AT 2 S AN A © 118 8 A8 o O A B B B A 8 € A e A8 T CT A A T A A AT BT e C AR S E e AARE T T A e A AT AT T an T AR
S CGGGC TGAGTGAGAATT - - AAAAGTGAA _TOKGAAGGTGTCAGGAGCAGTCT - AAATGAACATGTTGGAGEGAG CAAAGTTCTAGAATGCATCTGAGGAG 193
¥ fwd 2 GGCHCTTAACTCAGOATTAAAAAAGTGGAATGGTGAAGGTGTCAGCAGCAGTCTTAAAATAAAACATGTTGGAGCGAA CAMAGTTCTACAATOGCATCTGAGRBAC 220
b orev 2
TTTGATTGTACATTTGTTTCTTTITTAATAGTCATTCCAARTATTGTTATAATGCATTGTTACAGGAAGTTACTCGCCTCTGTGAAGGCAACAGCCCAGCTEGEAGCAGC
Consensus TTTGATTIGIACATTITGTITCTITITI-A AGTCATTCCAAATATIGITATAATGCATIGT TACAGGAAGT TACTCGCCTCTGTGAAGGCAACAGECCAGCTGGGAGGAGE
b neo ref seq TTTOATTATACATTTGTTTCTTTTTTAATAGTCATTCCAAATATTGTTATAATGCATTATTAGAGGAAGTTACTCACGTCTOTOAAGGCAACAGCCCAGCTO0GAB0AGE 330
e TTTGATTGTACATITGTITOTTTITT- AWAGTOATTOCAAATATTGT TATAATGCATTGT TAGAGGAAGT TACTOGCETCTOTGAAGGOAACAGGCCAGCTGGGAGGAGE 302
b fwd 2 TTTGATTGTAGATTTOTTTGTTTTTTAATAGTGATTGGAAATATTGTTATAATOGATTGTTAGAGGAAGTTAGTCGOGTGTOTGAAGGCAAGAGGGGAGGTGGOABGAGE 330
N =i e e e e e s g g e

CGGTACCAATTACTGGTGTTAGATGATAATTGCTTGTCTGTAAATTATGTAACCCAACAAGTGTCTTTTTGTATCTTCCGC TTAAAAACARAACACACTTCATCCTTTT

Consansus CBGTACCAATTACTGGTGTTAGATGATAAT TGCTIGTCTGTAAATTATOTAACCCAACAAGTGTICTTITTITOTATCTTGCOC T TAAAAACAAAACAGACT TOATGETTTT

} nso refsea COUTAGCAATTACTOOTO ARGTGTET a0
Forevi c ATT GTOUTTAGATGATAAT TOTCTOTAAATTATO ataT TToTA TTAAA AAA a1z
b fwd 2 CGGTAGCAATTACTGGTGTTAGATGATAATTGOTTGTGTGTAAATTATGTAAGGGAACAAGTGTOTTTTTGTATGTTGE 340
L et P e
TGETTTGTCAAGCAAGCEGGCTETGTTCCCCAGTCATAGATGTGAATGAAGGCTTTACAGTCCCCCACAGTCTAGGAGTAAAGTGCCAGTATGTGE6GCACGCAGGEGCT
Consensus TOOTTTOTCAAGCAAGEOOGCTOTOTTCGCEAGTOATAGATOTOAATGAAGGCTTTAGAGTCCCCCACAGTCTAGGAGTAAAGTGCCAGTATGTOOGG0AGGOA0GGGCT
» neo ref seq TGGTTTGTOAAGOAAGCGGGGTGTGTTCGOGAGTBATAGATGTGAATGAAGGGTTTAGAGTCOGGCAGAGTOTAGGAGTAAAGTBOCAGTATGTGOGGGAGGGAGEGGCT 550
et TGGTTTGTCAAGCAAGCGGGETGTATTC GTGATAGATGTGAATGAAGGCTTTACAG CAGTCTAGGAGTAAAGTGCCABTATGTGGGOGAGGGAGEGGCT 522
» fwd 2 TAGTTTOTCAAGCAAGCGOGCTATATTCCCCAGTOATAGATOTOAATGAAGGCTTTACAGTECOCCCACAGTCTAGGAGTAAAGTOCCAGTATGTOO0GAAGG0AGROGCT 550
PrBVZ | e e e o
ACCTGTACACTCACTTAAGACCAGTTCAAATAAAAGTGCACACAATAGAGGCTCTGAGGCCGAAAGAACCAGCTCTGCAATGTGTGTCAGTTAGGGTGTGEARAGTCCCC
Consensus ACCTOTAGACTOACTTAAGACCAGTTCAAATAAAAGTGCACACAATAGAGGGTCTOAGOCOOAAAGAACCAGCTOTOOAATOTOTOTCAGTTAGGOTOTGOAAAGTCECE
b neo ref seq AGOTGTAGACTGAGTTAAGAGGAGTTGAAATAAAAGTGCAGAGAATAGAGGGTGTGABGCGBAAAGAAGCAGGTGTGGAATGTOTGTCAGTTAGGGTGTGOAAAGTGGOE 660
v et -
b fwd 2 0 c60
»revz
AGECTCCCCAGCAGGCAGAAGTATGCARAGCATCCATCTCAATTAGTCAGCAACCACGTCTGGARAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATCCAAAGCATGCATC
Consensus ABGCTCCCCAGCABOCAGAABTATACAAAGEATGCATCTCAATTAGTCAGCAACCAGGTOTOGAAAGTCCCCAGACTCECCAGCAGOCAGAAGTATGCAAAGCATACATE
b neo ref seq AGGGTGOGGAGGAGGGAGAAGTATGGAAAGGATGGATGTGAATTAGTGAGGAAGGAGGTGTOOAAAGTGCGGAGGGTCGOGAGOAGGCAGAAGTATGGAAAGGATGGATE 770
> reet AGGCTCCCCAGCAGGCAGAAGTATGCAAAGEATGCATCTCAATTAGTCAGCAACCAGGTGTOGAAAGTCCCCAGACTCCCCAGCAGOCAGAAGTATOCAAAGCATGCATC 742
b fwd 2 ABBCTEOCCAGCAGGCAGAAGTATGCAAAGCATGOATCTOAAT TAGTCABCAAGCAGBTGTEGAAAGTCCCCAGBCTCOOCABOAGGCAGAAGTATGCAAAGCATGCATC 770
N R 0= ecos =g s e 2D i
TCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCECCCATTCTCCGCCCCATEGCTGACTAATTTTTTTTATITAT
Conzensus TCAATTAGTCAGCAACCATAGTCCCGECCCTAACTCEGCCCATECCOECCCTAACTCEGECCABTTCCOCECATTCTCEGECECATOOCTGACTAATTTTTITITATITAT
» neao ref seq TCAATTAGTCAGCAACCATAGTGCCGOECGCTAACTCCGECCCATCCCGGCGCCTAACTCGOGCCCAGTTCCOGCCCATTCTCGCOGCGCATOGOGCTOGACTAATTTTTTTTATTTAT sa0
> revt }EAA}%A&}EA&EAAEEi};}&}éééééééé%;ié%éééééEA?EEE&EEEE%AAE%E&&EEEA&}%EEE;EEE;}}E}EEééé£~EA}ééé}6;6},&;&%{}}}}};%}%;& 52
b fwd 2 TCAATTAGTCAGOAACOATAGTGO GOTAAGTCOGD GOTAACTOGGOOGAGTTCOBOCCATTCTOGGE GOTBACTAATTTITTTITATITAT amo
et | cO5too0n00000500000 800008 BO0N0HOB050E056 000000 CO0LEEOLOS0HOE0 50500008 00 BtE00tEO0E 00000000 5600660to0080o0006m
GOAGAGGCCGAGGCCGCCTCGGeCTCTCAGCTATTCCAGARGTAGTCACGACGCTTTTTTGGAGGCCTAGGCTTTTGCAAARACCTTCATTCTTCTGACACAACAGTCTC
Consensus BCAGAGGCCGAGGECGCCTCEG-CT TOAGCTATTICCAG-AGTAGTGAGBAGGCTTTTTTGOAGGCCTAGGCTTITIGC - AAAAGETTGATTCTTCTGACACAACAGTCTC
b neo ref seq GCABAGGCEGAGOECACCTOAOCETGTOAGGTATTGCAGAAGTAGTGAGGAGACTTTTTTGGAGGCCTAGGCTTTTOCAAAAAGGTTGATTGTTCTGACACAACAGTETC 990
(o e GGCABAGGCEGAGOECGCOTOBGE0TCTOAGETATTCOAGAAG TAGTGAGGAGECTTTTTTGOAGACCTAGGCTTTTOOAAAAAGET TGATTCTTOTGACACAACAGTOTO 62
b fwd 2 GCAGAGGCCOAGOGCCGCCTCGO-CTYTOAGCTATTCCAG-AGTAGTOAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGC - AAAAGCTTGATTCTTCTGACACAACAGTCTC 987
B s gttt

GA Traa GCTAGAGCCACCATGATTGAACAAGATGGATTGCACGCAGGTTeTeCl CCOCTTa66 GA AGGCTAT coGCTATGACTGE.Ca A ACAGACA..CE

Consensus GA  T- - GGTAGAG - GAGGATGATTG AGAAGATGGA- TGGAGGCAGGTT T-G6 CGGGT- -GG  GA AGGCT T - -GCTATGAGTGGGE A-AGAGAGCAATGG
oo 1o9s

L -

s &
GCTGCTCTOATGCCOL06TE. TelbabTOTCAGCCABG60:cC00TTCTTTTTG-CAAGACCEACETETCOBTECCCTEAATOAACTGCAGGACGAGGCARCGCGE

e GCTOCTETOATACEOECOTOTTEE00CTATCABCACABGO0CACCEOATTCTTTTTOTCAAGACCOACETOTECAOTOCECTOAATOAAGTACABOACOAGBCAGEDCOD

R ecTacTeTaA fin
CTATCOTGGCTGCCACCACREECETTCCTTECECAGCTGTECTCGACETTGTCACTGAAGCGGGAAGEGACTGGCTGCTATTCGECEAAGTGCCEGEGCAGEATCTCLT

e STATCOTGGGCTAGECALGACESOEETTECT TG CASETOTCTCOACSTTUTCACTOAASCAOBAABBOACTOSCTOCTATTOSBCOAAGTECEoS00CAGATCTCET

¥ neo ref seq CTATCaTeecTaaccAcaAcaaaceTTcK:'rTacGCAGCTGTGCTCGA::GTTGTcAc'reAAGCeaaAAGGaAcTGaCTGCTATTGeG:GAAGTGCCGGGGCAGGATCTCCT 1319

oy ¢ et o ¢

KESs ;+;+;;;g‘;;mmmmmam”mmmamngmmnmmunammmmmmmmMmmmmmmm
CGCATGCCCGACGECEAGGATCTCGTCETGACCCATEGCGATGCCTGCTTGCCGAATATCATGETEGAARATGGCCGCTTTTCTGGATTCATCGACTGTGGCCOGCTEGE

T0CATOCO00AC00COA00ATOTETOOTIACOUATOO00ATOCUTOOTTOCO0AATATCATOOTOAARATE000E0TTTTOTORATTCATCOASTETO00S000TC00

b neo ref seq CICATCICCCOACCIOEBAOOAT(‘TEBT(‘OTOA(‘C(‘ATOCICOATOC:‘TOCTTO(‘COAATATL‘ATOBTOOAAAATBO(‘C(ICTTTTCTOOATTL‘AT(‘OA(‘TOTOOECOOCTOOB 1648

» fwd 1 clefe GCCCGACGGCGAGGATCTCGTG -3 GCGATG TGCTTGGECGAATATCATGGTGGAAAATGGECGCTTTTCTGGATTCATCGACTGTGGOCGGCTGGG 528

b orev 1 - . PR

5 E5s AAAAAAMAAMAAAA =5
T6TGGC66ACCECTATCACGACATAGCETTEGCTACCCETCATATTGCTCAAGAGCTTGECEGCCAATEGECTCACCECTTCCTCETGCTTTACGETATCECCECTCOLE

TOTGOGA0ACEACTATCAGGAGATAGEATTOOCTAGCEOTAATATTOCTGAAGAGCTTOOCA0COAATARGCTAACEAETTCCTCOTOCTTTACOOTATEOCCOCTECRE

TOTOGG00ACEAGTATCAGGAGATAGEOTTO0CTACCGGTOATATTGCTOAAGAGCTTO0C00C0AATO0GCTOACCAETTECTCOTOOTTTACOOTATGGCC0CTECRS 1750

B ESE "
ATTCGCAGCGCATCECCTTCTATCECCTTCTTGACGAGTTCTTCTEAGCEGGACTCTGGEGTTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGATEGCCG

ATTCOCAGCOCATCOCGTTETATEOCETTCTTOACEAGTTCTTCTOAGCGO0ACTCTO000TTCOAAATOACEOACEAAGCBACOCCCAACCTOCCATCACOATOOCCOC

Y

b orevi

o
AATARAATATCTTTATTTTCATTACATCTGTGTETTGETTTTITTGTGTG

AATAAAATATETTTATTTTCATTACATCTOTOTOTTOOTTTITTOTOTO

» neo ref seq AATAAAATATCTTTATTTTCATTACATCTGTGTIGTTGGTITTTITTIGIGTG 1918

» fwd 1 AATATCTT 797

» fwd 2 1147

»orav 2 AArAAnnanrrTrnTrTrrnTrnrATrTaTararTaoTrTrTroToTL\ Ba3

Figure 36: Neomycin resistance gene sequencing results for the OVM-Syc-FIX-ss-Neo gene

drive. The reference sequence is presented first as “ref seq” and all bases that do not match in

the sequencing results to this sequence are highlighted in grey. Multiple sequence results for
116



a single strand are shown as “fwd” or “rev”’ depending on which direction they were

sequenced in.

ARATTTGCATARAGAGCTACCCACARGCCCTCOCGCGCE5ARRCEGECARARRAGGECTTCTAATATGAAATATTACGCOGAATCGCETCACARRTTEGCTAGCEG e

Consensus, AAATTTGGATAAAGAGCTACCCAGAAGGGETCOCOCOCO0AAACOOOCAAAAAAGGGCTTCTAATATOGAAATATTACGGGGAATCOCOTCACAAATTOOCTAAGGEGGE

b ref_ze. sastte AAATTTGCATAAAGAGCTAGCCCAGAAGCECTCGCGCGCGGAAACGGGCAARAAAGGGCT TOTAATATGGAAATAT TACGECGAATCGOGTCACAAATTGGCTAAGEGGRE 110

b otwd 1 AAATTTGCATAAAGAGCTACCCAGAAGCCCTCGCGCOCGGAAACGOGCAAAAAAGOGCTTCTAATATGGAAATATTACGCCGAATCOCOTCACAAATTGOCTAAGEGGGE 110

¥ orev 2 AAATTTGCATAAAGAGCTACCCAGAAG- CCTCEGCGCGCG0- AACGGECAAAAAAGGBGCTTOT - ATATOGAAATAT TACGCCGAATCOCGTCACAAATTOGCTAAGEGGRE 107

b ofwd 2 MAATTTGSATWAAGAGSTAGGGMGAAGGGGTGECGGGCGGAAAGGGGSAAAAAAGGGSTTCTAATATGGAAATATTAGSGGSAATGCSGOKCMGMAATTGGSTAAGGGGGS 110

b orev 2 AAATTTGGATAAAGAGCTACGCAGAAGGGETGGEGEGOGGAAACGEGEAARAAAGGGGTTOTAATATGGAAATA-TACGGGGAATCGOGTCACAAATTGECTAAGEGGG - 108

Consensus CTAAGAGTTAACAAGATGTGCTATTAAGCGOAGCCTTTTOGTGGGAAGAAACGOAACAGTCACTOTOTTCTAAAAGAACT TGCAGOATOAGCCTTTAAATACCGCAGTET

b ref_se. ssette CTAAGAGTTAAGAAGATGTGCTATTAAGGGGAGGGTTTTGGTGGGAAGAAACGGAAGAGTGAGTOTGTTCTAAAAGAAGTTGGAGOATGAGCCTTTAAATAGGOGAGTGT 220

b fwd 1 - TAAGAGTTAACAAGATGTGCTATTAAGCGGAGCCTTTTOGTGGOAAGAAACGGAACAGTCACTGTGTTCTAAAAGAACTTGCAGGATGAGCCTTTAAATACCGCAGTCT 220

b orev 2 CTAAGAGT TAACAAGATGTGCTAT TAAGCGGAGCCTTTTGGTGGGAAGAAACGGAACAGTCACTGTGT TCTAAAAGAACT TGCAGGATGAGCCTTTAAATACCGEAGTCT 217

b fwd 2 CTAARAGKTAACMAGATOKOSTATTAAGCGGAGCCTTTTOOKOOOAARAAACOGAACAGKCACTOKOKTCTAAAARAACT TOSAGOATOARCCTTTAAATACCOSARTCT 220

b oreva CTAAGAGTTAACAAGATOTOCTATTAAGCGGAGCCTTTTGOTOGOAAGAAACGOAACAGTCACTOTOTTCTAAAAGAACTTGCAGOATOAGCCTTTAAATACCOCAGTET 218

Consensus CBAGEGTGTTAGTCOCTCCTGAGATGGTCEGGGCOOTTTCAGAGCTATOCTGGAAACAGCATAGCAAGTTTAAATAAGGGTAGTGCOTTATCAACTTGAAAAAGTGEGAG

b ref_se. ssatta GOTTTCAGABCTATECTOUAAACAGCATAGCAAGT TTAAATAAGGE TAGTCCOTTATCAACTTOAAAAAGTGGCAC 330

b ofwd 1 GGGTTTCAGAGCTATGCTGGAAAGAGCATAGCAAGTTTAAATAAGGGTAGTGCGTTATCAAGTTGAAAAAGTGGGAG 330

b orev 2 GGTTTCAGAGCTATGCTOGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCOTTATCAACTTOAAAAAGTGGCAC 327

b fwd 2 GGKTTCMGARCTATGSTGGAAACMGCATARCAAGKT TAAAT AAGGS TARTCCGKTATCHACTTGAAAAAGTGGEAC 330

b orev 2 CBACGCTCTTAGTCGCTCETBAGATBGTCCECCCGETTTCAGAGCTATGCTGEAAACAGCATAGCAAGTTTAAATAAGEC TAGTCCGTTATCAACTTGAAAAAGTGGCAC 328

Consensus COABTCOOTOCAGTCOTOCATTOGTOOTTCAGTOOTAGAATTCTCOCETOCEACACGO0AB0CCCO00TTCOATTCECAACEAATOCAGCTCOCTOOBATTCOCCAGTAT

b ref_se. ssette ca GTTCGATTCGGGGGGAATGCAGCTOGCTGEGATTCGGGAGTGT 440

¥ fwd 1 CTGGGATTCGCCAGTGT 440

b orev 2 CTBGGATTCGCCAGTGT 437

b fwd 2 CTOGOATTCOCCAGTOHK 440

b orev2 CTGGOATTCAGCCAGTGT 438

Consensus TTCAGAGCTATGCTGGAAACAGEATAGCAAGT T TAAATAAGGETAGTCCGTTATCAACT TGAAAAAGTGGCACCGAGTCGBTGCCCOAGTGBGOGATTAGCTCAAATGET

F ref_se ssette

b fwd 1

b orev 2

» fwd 2

»orev2

consensus AGAGCGCTCOCTTAGCATGCGAGAGGTAGCOGOATCOATOECEOCATCCTCCAGCAGGCAGCTOCOTTGOTOOTATAGTGOTGAGCATAGCTGCCTTCCAAGCAGTTGAC

b ref_se. ssette AGAGCGCTCGCTTAGBCATOCGAGAGOTAGCGGGATCOATGCCCGCATCCTECAGCAGGCAGCTOCGTTGOTGOTATAGTGOTGAGCATAGBCTGCCTTCCAAGCAGTTGAG 660

F fwd 1 AGAGCGCTCGCTTAGCATGCGAGAGGTAGCGGGATCGATGCCCBCATCCTCCAGCAGGCAGCTGCOTTGETEGTATAGTGETGAGCATAGCTGCCTTCCAAGCAGTTGAC 680

b orev 2 AGAGCGLCTCOCTTAGCATGCGAGAGOTAGCGEOATCOATGCCCGCATCCTECABCAGGCAGCTGCGTTGGTOOTATAGTGGTGAGCATAGBCTGCCTTCCAAGCAGTTGAL 657

¥ fwd 2 AGARCGETOSCTTARCATOCGAGARGKARCSGGAWCSATGCCCBCATYCTYCAGCAGGCAGETOS5G0TTGGTEOKATAGTGETGAGCATABCTGOCT TYCAAGCAGTTGAC 660

»orev2 AGAGCOCTCOCTTABCATOCGAGAGOTAGCGBAATCOATGCCCACATCCTECABCAGGCAGCTOCOTTOOTOOTATAGTGOTGAGCATAGBCTGCCTTCCAAGCAGTTAGAC 638
COOGETTCOATTCCCEG CAACGCATTCOCAGCARGOGCATCTAGCTCAGTEETACAGCCATCCTTTGCATETATGAGGCCCCOGETTCAATCOCEECCATCTCCAAGC

Consensus CCOGOTTCOATTCCCOOCCAACGCATTCOCAGCAAGOOOATOTAGCTCAGTOGTAGAGCOCATOCTTTGCATOTATOAGOCCCCOGOTTCAATCCCCOOCATCTGEAAGS

b ref_se. ssetts CCGBGTTOGATTICOCGGC0AACGLATTICGCABCAAGGGGATGTAGCTCAGTGGTAGAGCGBCATGCTTTGOATGTATGAGBOCCCGGGTTOCAATCOCEGGEATOTCOAAGE 770

b twd 1 CGGGGTTCOATTGOCGGCCAAGGCATTCOGAGCAAGGGGATGTAGCTCAGTGGTAGAGGGCATGCTTTGCATGTATGA-GGCCCGGOTTCAATCGGEGGCATCTGGAAGS 769

b orev 2 GCOGATTCOATTGCCAOCCAACGCATTCOCAGCAAGGGOATATAGCTCAGTGOTAGAGCGCATACTTTGCATOTATGAGGCCCCOAGTTCAATCCGGGOCATCTOCAAGS 767

b fwd 2 CCGGGTTCGAWTCCCBGGCAACGEATTCGEAGEAA-GGGATGTAGCTCAGTGGKAGAGCGEATGCTTTGCATGTATGAG- - CCCGRGTYC-ATCCCEGGEATCTCCAAGE 766

» rev 2 CCGBGTTCGATTECCBGCCAACGEATTCOCAGBCAAGGGGATGTAGCTCAGTOGTAGAGCGCATGCTTTACATGTATGAGBCCCCORATTCAATCCCEGOCATCTCCAAGE 768

Consensus AGAGAGCOOCTCATTOOTCTAGRGGTATOATTCTCOCTTCABOTACGABARGTCCCOGATTCAAATCCEBOACOAGCECTTTTTTTITAGTCACET

b ref_se.ssette AGAGAGEGGCTGGTTEGTCTAGGGGTATGATTGTEGOTTGGGGTGCGAGAGGTCOGCGGGTTCAAATCGGGGACGAGGGETTTTITTTTGGTCAGGT aes

Fofwd 1 AGAGAGCOGCTCGTTOOGTCTAGGGOTATGATTCETC

b rov 2 AGAGAGEGG

b fwd 2 AGAGAGCGG

b rev 2 AGAGAGEGG

Figure 37: ssOVM g RNA cassette sequencing results for the OVM-Syc-FIX-ss gene drive.
The reference sequence is presented first as “ref seq” and all bases that do not match in the
sequencing results to this sequence are highlighted in grey. Multiple sequence results for a
single strand are shown as “fwd” or “rev” depending on which direction they were sequenced

n.

All sequencing results indicate that the necessary insert was in fact present as well as being
the correct sequence, free of major mutations. Base changes were disregarded if at least one read
had a base that matched the reference sequence.

6.2 Sexing gels

Sexing was performed for PGC extraction with a representational gel below as well as in the

case of busulfan ablation and repopulation assessment.
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Figure 38: Sexing gel for PGC extraction. In each case the presence of one band indicates a
male and in the case of two bands a female. The lower band is a 18s control, and the upper
band amplifies a region on the W chromosome, present only in females. For each of these,

only males were selected, and females were discarded for further experiments.

6.3 CEF culture

Figure 39: CEFs plated in a T75cm? flask one day after harvest. CEFs were harvested from
day 9-10 embryo torsos. CEFs are present at 80% and confirm the successful isolation of

CEFs from day 9-10 embryos for use as a feeder layer. Scale bar = 120 um.

6.4 Defects found at various concentrations of busulfan treatment
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Table 12: Defects recorded across embryos exposed to different concentrations of busulfan.

Embryos were observed at day 7.5 of development.

Concentration of busulfan Defect No. of embryos out Natural dud
ug/50ul of atotal of 17 per  embryos in each
group that had the group
defect
0 None 0 4
65 None 0 6
75 Development delay, small 1 6
eyes
85 Development delay, small 3 6
eyes, overproduction of
blood/enlarged vessels,
underdeveloped iris
7. Recipes

Recipe 1:Terrific Broth

Component Amount/action
Buffer A
Yeast extract 24 g
Tryptone 129
Glycerol 49
dH20 900 ml
Autoclave
Buffer B
KH2PO4 2.3¢g
K2HPO, 16.4 ¢
dH20 100 ml
Filter sterilize
Add Ato B

Recipe 2: Crude extraction lysis buffer

Component Amount/action
For Blood
Citric acid 0.48 % m/v
Sodium citrate 1.32 %
For tissue
Tris-HCL/Base 1M
EDTA 05M
NaCl 1 mol
dH20 To 20 ml

Recipe 3: Ringer’s solution

Component Amount/action
NaCl 729
CaCl2.2H:0 0.23¢g
KCI 0.37¢g
dH:0 11
pH 7.4
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