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Abstract

The marine diatom Phaeodactylum tricornutum has the potential to become an excellent
platform for the sustainable production of valuable compounds and pharmaceuticals, but currently
large-scale engineering of this organism remains a challenge due to factors like inefficient genetic
transformation protocols and a lack of accurate genomic data. This thesis addresses these two
bottlenecks by (i) optimizing an electroporation protocol to P. tricornutum and (ii) remapping
genomic data from a scaffolded genome assembly to a telomere-to-telomere genome assembly.
An optimized transformation protocol was developed that could consistently transform blunt-
ended and DNA with overhangs and yielded up to 1000+ colony forming units per transformation.
The method of transgene integration has also been determined to be random integration via non-
homologous end joining. Furthermore, the genome coordinates have been updated for 56,624 out
of 69,070 annotated genome features to determine their location on the most accurate genome
assembly currently available for this organism. In conclusion, the advances made here will
streamline genetic engineering for this organism and enables large scale nuclear genome

engineering efforts.
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Summary for Lay Audience

Our planet is being destroyed in humanity's quest for natural resources, leading to things
like deforestation, biodiversity loss, and climate change. To ensure that we can fulfill a demand
for natural resources in the future and maintain our civilization, we need to find an alternative and
sustainable ways to produce natural resources without causing any more harm to our planet. To
address this, researchers have proposed using engineered microorganisms, specifically
photosynthetic organisms like marine microalgae, as cell factories to produce compounds of
interest. One of the best candidate microbes for this purpose is called Phaeodactylum tricornutum.
By engineering this microbe, researchers have been able to use it to produce chemicals involved
in creating plastics, pharmaceuticals, and even COVID-19 diagnostic tests. Many genetic tools
have been developed for this microbe to make engineering easier, but there is still a lot that needs
to be done to improve this microorganism’s potential for industrial use.

My thesis focuses on improving methods to deliver and integrate custom DNA into this
organism and also to accurately identify where in the organisms DNA all of its genes and other
genetic information lie, as new technology has shown that where researchers previously believed
all the genes were located is not actually accurate. | have been able to establish a simple, efficient,
and reliable protocol to introduce custom DNA into this organism’s genetic code. I’ve also
demonstrated that this method can integrate custom DNA randomly into the organism’s genetic
code and can be used to inactivate and investigate the function of the organism’s genes. I’ve also
identified the correct location of 56,624 out of 69,070 genes and gene-like features in this
organism’s genetic code and have provided potential reasons for each of the remaining 12,446
features as to why finding out where they are actually located within the organism’s DNA is a
challenge. Overall, the progress I’ve made in this thesis brings us closer to being able to introduce
larger fragments of DNA with more complicated instructions into this organism and boosts its

potential for use in creating valuable resources in an environmentally friendly way.
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Chapter 1

1 Introduction

1.1 Synthetic Biology

Synthetic biology is a field of science that lies at the intersection of engineering and
biology. Its core tenet is the design-build-test-learn cycle, whereby researchers are able to
develop organisms with completely novel traits by first designing large-scale modifications
to an organism’s genetic code, “build” these organisms by integrating these edits into the
organism’s genome, test the effect of the newly introduced genetic material on the
organism, and make novel discoveries about how these modifications affect the organism.
Synthetic biology is therefore highly dependent on a researcher’s ability to modify an
organism’s genetic code, either by altering it directly within the organism (in vivo) or by
synthesizing novel DNA molecules and utilizing some method to introduce them directly
to the organism. As technologies improve, the scale at which researchers are able to modify
an organism’s DNA has greatly increased. In past years, researchers would usually perform
genetic modifications on the scale of one to a couple genes at a time, whereas recently
various studies have been performed whereby modifications are performed on a “genome-
scale”, introducing tens to hundreds of modifications to an organism’s genetic code at
oncel?. This has brought about the term “whole genome engineering”. Various organisms
have had their whole genome re-engineered, resulting in novel traits such as (i) organism’s
possessing a “minimized” genome, whereby all genetic content not essential for the
organism’s survival having been removed®, (ii) organism’s possessing a “refactored”
genetic code, wherein the organism’s internal biological language has been modified
making it resistant to many natural pathogens such as virus*, and (iii) organism’s

possessing a “humanized” genome, whereby an organisms genes are replaced with their



closest human counterpart to establish a more human-like intracellular environment®.
Being able to introduce large scale modifications to an organism’s genome has enabled
researchers to ask grand questions and gain invaluable insights into the biological workings
of many organisms, but it also instills tremendous industrial potential to design specific

organisms to address real-world issues.

1.2 Biomanufacturing
For 12,000 years prior to the Industrial Revolution, the global mean temperature

has only varied only plus or minus 1°C. This stable period in our earth’s history gave way
to stable oceans, reliable weather patterns, and has made human civilization possible®.
However, the stress humans have placed on the planet, specifically in the quest for
resources has already disrupted this balance. A study by Rockstrom et al.,” identified
different planetary hazards and proposed a safe threshold for all these is for humanity to
operate within. The researchers showed that many safe operating boundaries for the planet

have been transgressed back in 2009 (Figure 1-1).



climate change

Figure 1-1: Planetary hazards and boundaries. Green shading indicates safe operating
thresholds for each potential hazard. Red shading indicates where the researchers
quantified the operating level was for each of these hazards back in 2009. Figure obtained
from Rockstrom et al,’.

In the years since the release of the study, the situation has only worsened as green
technology initiatives have not been rolled at a rate concordant with climate scientists
demands®. This is because traditional manufacturing often depends on highly energy
intensive and environmentally damaging mechanical and chemical processes. In order to
help restore the health of the planet and meet the needs of an increasing global population,
humanity needs to find alternative methods for producing natural resources. This is why a
transition to a bio-based economy has been a proposed solution®°,

Biomanufacturing is a subdomain of synthetic biology that involves utilizing engineered
organisms for the production of valuable compounds. It leverages the self-replicating

nature of biology to scale up the manufacture process of desired products, whereby a

production strain of an organism is developed through the introduction of a gene or



metabolic pathway encoding the desired produced, and then cultures of the strain can
generate this product provided the correct media is supplemented. This concept has been
termed “microbial cell factories”. Some of the compounds microbial cell factories have
been used to produce include pharmaceuticals such as insulin?, plastic polymers'?,
petrochemicals®?, and even alternative meat products®4.

This kind of biomanufacturing is currently primarily done in engineered Escherichia coli
and yeasts, however this is more a result of legacy reasons rather than any innate biological
properties that make these organisms better for biomanufacturing. Yeast and E. coli have
been model organisms for decades therefore a lot of research has been performed on their
underlying biology and many genetic tools have been developed for them which make them
relatively easy to engineer. However, there are some significant disadvantages to using
them as industrial production platforms. They are heterotrophic orgasms, meaning they
require a sugar or lipid-based carbon source to maintain their survival. Industrially scaling
these organisms would create greater demands for sugars and would also contribute to a
lot of the problems we face with modern agriculture. Researchers have proposed utilizing
photosynthetic organisms as a production platform to circumvent this issue. These
production platforms can utilize carbon dioxide as a carbon source and can act as carbon

sinks when industrial scaled for manufacturing®.

1.3  Phaeodactylum Tricornutum and the Synthetic Diatoms
Project

Microalgae have emerged as leading candidates in terms of photosynthetic
organisms to be used as production platforms, and chief amongst them are those belonging
to the class Bacillariophyceae, also known as diatoms. Diatoms are a very ecologically

import group of algae, have comprise nearly half of all organic material in the oceans and



contribute to a large proportion of oxygen in our atmosphere!®. They outcompete a lot of
other microorganisms for space and resources, and their ability to live in a multitude of
niches indicates a lot of metabolic capabilities that can be tapped into to optimize resource
production®. One unique trait diatoms possess is the ability to metabolize silicon and
incorporate it into their cell wall, creating an outer glass-like shell known as a silica
frustule. This causes a problem for scientists and bioengineers working with these
organisms as studying and genetically manipulating organisms with silica incorporated into
their cell walls has proven to be a challenge'®. However, a subset of diatoms exist that do
not require silicon in their cell wall, one of these being the model diatom Phaeodactylum
tricornutum®. On top of being a well-studied diatom, P. tricornutum holds a lot of potential
to make a great chassis for biomanufacturing due to its tolerance to high pH, ability to grow
under low light conditions, and ability to outcompete other microalgae in outdoor
cultivars®. Some of the compounds that P. tricornutum has been used to produce are native
compounds, such as omega-3 fatty acids, and non-native compounds, some of these being
polyhydroxybutyrates, which are polyesters used in making biodegradable plastics, plant
terpenoids used for anti-tumor and anti-inflammatory medications, and monoclonal
antibodies®. Another remarkable thing about P. tricornutum is that unlike other production
platforms like yeast and E. coli, it contains glycosylation pathways that are very similar to
those found in humans, which gives it value as platform for pharmaceutical compounds?’.
One example of this is Slattery et al.,'” wherein the researchers were able transgenically
express SARS-CoV-2 spike proteins in P. tricornutum to be used in coronavirus serological

tests for humans.



Despite the potential that P. tricornutum holds for developing clean technologies,
performing genetic manipulations in this organism remains a challenge. The whole host of
genetic tools have been developed for P. tricornutum, including well characterized
endogenous promoters and terminators®®% inducible expression systems®, P.
tricornutum-specific introns!®, CRISPR/Cas systems®2122  auxotrophic strains?, and a
selection/counter-selection system orthologous to the URA3/5-FOA system in yeast®,
however this suite of tools only enable relatively few genetic edits to be made at a time,
and using them to perform larger-scale genome engineering would be very laborious and
require many iterations. In order to accelerate P. tricornutum’s use as a production
platform, a large-scale genome reengineering project titled the Synthetic Diatoms project
was proposed to alleviate many of the current engineering constraints and accelerate strain
development for biotechnological purposes?*. The rationale for this project is that currently
reading DNA is inexpensive and relatively simple, rapid improvements are being made in
the field of DNA synthesis, and an outstanding challenge remains in delivering and
integrating large pieces of DNA. The primary mechanism for large scale genome
engineering proposed in the Synthetic Diatoms project is refactor the nuclear genome of P.
tricornutum into smaller chromosomes that can be captured on multi-host shuttle plasmids
and stably maintained within organisms that that contain more robust DNA engineering
capabilities. Following genetic manipulations to the chromosomes of interest, the
chromosome can be reintroduced into P. tricornutum through bacterial conjugation,
whereby some method of removing the chromosome from the vector backbone and curing

the native chromosome would need to be employed. Such a method enables many genetic



modifications and whole metabolic pathways to be developed with relative ease and
introduced into P. tricornutum with a single step.

Such a large-scale genome re-engineering project is primarily made possible by three
significant advances in P. tricornutum research. (i) A telomere-to-telomere assembly of the
P. tricornutum genome was recently created, determining the true chromosome count of
this organism’s nuclear genome?®, (ii) multi-host shuttle plasmids that can stably maintain
large portions of P. tricornutum DNA in P. tricornutum and other model organisms like E.
coli and Sacchyromyces cerevisiae have been developed?®?’, and (iii) an efficient method
of delivering large pieces of DNA into P. tricornutum has been achieved using bacterial
conjugation?®, Although these advancements have streamlined engineering efforts for this
organism, various bottlenecks still exist in the engineering process that limit its

biotechnological potential.

1.4 Scope of this Thesis

This thesis consists of methods and protocols developed to overcome various
engineering constraints and acquire missing information within P. tricornutum’s genetic
code in order to accelerate diatom research and provide a better foundation for a large-scale

genome engineering project to be attempted.

1.4.1 Developing and Optimizing a Transformation Protocol to
the Phaeodactylum tricornutum Nuclear Genome

This chapter describes the creation of an efficient and reliable transformation
protocol for P. tricornutum and an investigation of how DNA is integrated and maintained

within this organism.



1.4.2 Remapping Genome Annotation Data from an Old
Phaeodactylum tricornutum Genome Assembly to the
Telomere-to-Telomere Genome Assembly

This chapter describes the process of extracting all the genomic data from an
outdated P. tricornutum reference genome and accurately remapping the genomic

coordinates to the most accurate reference genome that currently exists for this organism.
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Chapter 2

2  Developing and Optimizing a Transformation Protocol to the
Phaeodactylum tricornutum Nuclear Genome

2.1 Introduction

The ability to genetically modify an organism is often predicated by the ease of
which it is possible to deliver and express foreign DNA. However, in P. tricornutum, the
efficiency in established transformation mechanism pale in comparison to other model
organisms, constraining its potential as a synthetic biology chassis®. Exogenous DNA has
historically been delivered to P. tricornutum via two primary methods: bacterial
conjugation and biolistic transformation?. DNA delivery through bacterial conjugation is
mediated by developing a conjugative vector harboring the transgenic material of interest
and having expression occur on an extrachromosomal fragment termed an episome. This
has been shown to be an effective method for reliably introducing large pieces of DNA and
has been shown to be immune from positional effects disrupting gene expression?.
However, this approach has certain drawbacks. Certain studies have shown higher levels
of leaky expression on genes introduced on episomes compared to those integrated into the
nuclear genome3. Additionally, the type of genetic cargo is limited by the fact that it must
not be toxic or overly metabolically taxing on the donor bacteria in order for this delivery
mechanism to occur®. On the other hand, biolistic transformation is the direct integration
of genetic material randomly into the organism’s genome. It is performed by lacing genetic
material of interest onto gold or tungsten particles and penetrating the cell host cell via a
high-pressure blast. This type of transformation has been shown to be an effective method
to deliver DNA to organelles or organisms with rigid cell walls, however it suffers from a

range of side-effects such as fragmentation of the DNA cargo, off-target effects, and
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varying expression levels?. Electroporation has often been viewed as a gentler alternative
for random DNA delivery, especially into the nuclear genome. Various studies have
outlined electroporation protocols to P. tricornutum®8, but the reported transformation
frequencies are orders of magnitude lower than those reported for in other organisms’,
indicating that there may be potential for vast improvements to be made. Therefore, the
objective outlined here is to optimize an electroporation protocol for DNA delivery to P.
tricornutum.

2.2 Materials and Methods
2.2.1 Microbial Strains and Growth Conditions

Phaeodactylum tricornutum (Culture Collection of Algae and Protozoa CCAP
1055/1) was grown in enriched seawater (L1) media without silica. Cultures were grown
at 18°C under cool white, fluorescent lights (75 pmol m™ s of PPFD) and a photoperiod
of 16 h light: 8 h dark. Cultures that were grown in falcon tubes had their caps loosened to
ensure they received sufficient airflow. To make 1 L of L1 media without silica, 1 L of
aquil salts, 2 mL of a 500X nitrate phosphate (NP) stock solution, 1 mL of a 1000X trace
metal stock solution and 500 uL of a 2000X f/2 vitamins stock solution was mixed. 1 L of
aquil salts comprised of 500 mL of anhydrous and 500 mL of hydrous salts. Anhydrous
salts solution was comprised of 838mM NaCl, 58mM Na2SOas, 19mM KCI, 5mM NaHCOs,
1.7mM KBr, 970uM H3BOs, and 143uM NaF. Hydrous salts solution was comprised of
109mM MgCl2 - 6H20 and 21mM CaClz - 2H20. NP stock solution was comprised of
4.4M NaNOs and 180mM NaH2PO4 - H20. 1000X trace metal stock solution was
comprised of 12mM FeCls - 6H20, 12mM Na2EDTA - 2H20, 9.8uM CuSOs4 - 5H20, 78uM
Na:MoOa - 2H20, 76.5uM ZnSO4 - 7H20, 42uM CoCl2 - 6H20, 910uM MnCl2 - 4H20,

10uM H2SeOs, 10uM NiSOs - 6H20, 10uM NasVO4 and 10uM K2CrO4. 2000X f/2
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vitamins stock solution was comprised of 593mM thiamine-HCI, 4nM biotin, and 0.7nM
cyanocobalamin. Media was adjusted to a pH of 8.0 with 2M NaOH or 3M HCI. L1 media

was sterilized through vacuum filtration through a 0.2-um filter.

2.2.2 DNA Preparation for Transformation

The nat single selectable marker cassette was amplified using primers BK2510 F
and BK2510_R using pPtGE278 as template DNA. The shBle-T2A-nat double selectable
marker cassette was amplified using primers BK2821_F and BK2821_ R using pPtGE328
as template DNA. pAL fragment used as a transformation control was amplified using
primers BK1980_F and BK1981_R. All primer sequences can be found in Table B-1
. PCR was performed using PrimeSTAR® GXL DNA Polymerase (Takara Bio) according
to manufacturer’s instructions. PCR purification was performed using a modified version
of the EZ-10 Spin Column PCR Products Purification Kit (BioBasic). 400 uL of PCR
product was pooled into two 1.7 mL Eppendorf tubes (200 uL of solution into each tube).
1.2 mL of B3 buffer with isopropanol was added into each tube. 750 uL of the solution was
transferred into two EZ-10 spin columns and incubated at room temperature for 2 minutes.
The solution was centrifuged at 10,000 RPM for 2 minutes. The flow-through was
transferred back into the EZ-10 spin column, left to incubate at room temperature for
another 2 minutes, and centrifuged again at 10,000 RPM for 2 minutes. This process was
repeated on the flow-through one more time. The remaining 650 uL of PCR product / B3
solution was transferred into the same two EZ-10 spin columns, and the same three
incubation and centrifugation steps were performed. Once complete, 750 uL of Wash
Solution was added into the EZ-10 spin column, centrifuged at 10,000 RPM for 2 minutes

and flow-through was discarded. The previous wash step was performed one more time.
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The sample was centrifuged at 10,000 RPM for 1 more minute to remove any residual
Wash Buffer from the spin column. The spin column was then transferred to a fresh 1.7
mL Eppendorf tube. To elude the DNA, 30 pL of sddH20 pre-heated to 80°C was added
into the EZ-10 spin column, left to incubate at room temperature for 10 minutes, and then
the sample centrifuged at 10,000 RPM for 2 minutes. DNA was measured on the DeNovix
DS-11 Series Spectrophotometer / Fluorometer using the dsDNA application on

microvolume mode and the leftover sddH20 used for elution to blank the samples.

DNA Transfer to P. tricornutum Transformants via Electroporation

600 mL of shaking P. tricornutum cultures were harvested at early- to mid-
exponential phase (OD730 of 0.2 — 0.38 or 2x10° — 5x10° cells/mL). All the following steps
were performed aseptically. 600 mL of culture was split into twelve 50 mL falcon tubes
and centrifuged at 2000 RCF for 15 min at 4°C. From each falcon tube, the supernatant
was decanted gently into a waste beaker without disturbing the pellet. Leftover media was
removed via aspiration. 1 mL of ice-cold 375mM D-Sorbitol was added to one of the 50
mL falcon tubes and the cell pellet was mixed by pipetting. To ensure a proper resuspension
of the pellet, the mixing was performed with the following points in mind. Pipetting was
performed not too vigorously to ensure that the cells did not shoot up into the pipette,
however it was performed forcefully enough to dislodge the pellet. The cells were also
physically scraped off the sides of the tube with the pipette tip to ensure they got mixed
into the solution. Once the pellet was resuspended, the entire mixture was transferred into
one of the remaining 50 mL falcon tubes and the pellet in that tube was resuspended as
previously described. This process was repeated until all twelve pellets were resuspended

in a small volume of ice-cold 375mM D-Sorbitol. The resuspended cells were split evenly
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into two sterile 1.7 mL Eppendorf tubes (was split into more than two tubes if the final
volume of the solution containing the resuspended cells was more than 3 mL). The cells
were centrifuged for 5 min at 2000 RCF, the supernatant was removed via aspiration, and
the cells were resuspended in 750 puL — 1000 pL of 375mM D-Sorbitol. This step was
repeated four more times until the cells have been washed a total of five times in 375mM
D-Sorbitol. After the last wash, the pelleted cells were resuspended in a small volume of
ice-cold 375mM D-Sorbitol (approximately 300 uL — 400 pL). In another 1.7 pL
Eppendorf tube, a 1:250 dilution of washed cells was made using 375mM D-Sorbitol as
the diluent and this dilution was measured on the DeNovix CellDrop™ Automated Cell
Counter using the propidium iodide (PI) app to calculate the concentration of washed cells.
The total cells/mL output was used as the concentration value. The concentration of the
washed cells was adjusted to 2x10° cells/mL using ice-cold 375mM D-Sorbitol as the
diluent. 100 uL aliquots of washed cells were made into sterile 1.7 uL Eppendorf tubes.
Into each aliquot of washed cells, 3 pug or up to 6 uL. of DNA to be transformed was added.
A 10 pg/uL solution of single-stranded salmon sperm DNA (ssssSDNA) was pre-heated at
95°C for 10 min and cooled on ice for 5 min. Following cooling, 4 uL of the ssssSDNA
solution was added to each transformation mixture. Each transformation solution was
gently flicked to mix the components and then incubated on ice for 10 min. The
transformation solutions were transferred into 2mm electroporation cuvettes pre-cooled on
ice, dispensing the solutions into the loading wells and against the side of the
electroporation cuvettes to ensure a clean transfer. The electroporation cuvettes were wiped
to with a kKimwipe to remove any moisture on the electrodes and then placed inside a Gene

Pulser Xcell™ Electroporator (Bio-Rad). Cells were pulsed with the following electrical
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parameters: 500 V, 50 pF, 400 Q. Immediately after pulsing, 1 mL of L1 media was added
to the electrocuvette and cells quickly resuspended by pipetting. Resuspended cells were
then transferred to a 15 mL falcon tube containing 9 mL of L1 media. Cultures were then
incubated for 24h at 18°C under cool white, fluorescent lights (75 umol m st of PPFD)
and a photoperiod of 16 h light: 8 h dark with the falcon tube caps loosened. Following this
recovery period, transformed cultures were centrifuged at 2000 RCF at 18°C for 15 min.
The supernatants were decanted gently into a waste beaker without disturbing the pellets.
Leftover media was removed via aspiration. Cell pellets were resuspended in 1 mL of L1
media and desired dilutions of cells (typically 10) were plated on plates containing 1%
agar, ¥2 L1 media, and desired concentration of antibiotics. Plated cultures were placed into
a clean plastic square tray to retain moisture inside the plates and then incubated at 18°C
under cool white, fluorescent lights (75 pmol m2 s of PPFD) and a photoperiod of 16 h

light: 8 h. Colonies appeared after 10 — 14 days.

2.2.3 DNA Isolation

P. tricornutum DNA was isolated using a modified alkaline lysis protocol or a
phenol chloroform isolation protocol. The steps performed for alkaline lysis were as
follows: to isolate DNA from liquid cultures, 5 — 10 mL of liquid culture was harvested
during exponential phase. To isolate DNA from solid plates, streaked cultures (1 —2 cmin
length) were scraped into 1 mL of L1 media and mixed well via pipetting. Cells were
pelleted at 4000 RCF for 10 min and the supernatant was discarded. Cells were resuspended
in 250 pL of resuspension buffer, consisting of 235 pL of Buffer P1 (QIAGEN) with RNase
A, 5 uL of a 100 mg/mL hemicellulase stock solution, 5 uL of a 25 mg/mL lysozyme stock
solution, and 5 pL of a zymolase solution (consisting of 200mg of zymolase 20T (US

Biological Life Sciences), 9 mL of sddH20, 1 mL of 1M Tris pH 7.5, and 10 mL of 50%
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glycerol). Samples were mixed by gently pipetting and were then incubated at 37°C for 1h.
Following incubation, 250 uL of Buffer P2 (QIAGEN) was added to lyse the cells and
samples were vortexed for 30s each. 250 uL of Buffer P3 (QIAGEN) was added to
neutralize the reaction and samples were mixed well via shaking and inversion. Samples
were spun down at 14,000 RPM for 10 minutes and the supernatant was transferred to
sterile 1.7 mL Eppendorf tubes. To precipitate the DNA, 750 uL of ice-cold isopropanol
was added to the samples and the samples were mixed via inversion and spun down at
14,000 RPM for 10 minutes. The supernatant was removed and 750 uL of ice-cold 70%
ethanol (EtOH) was added to the samples and the samples were mixed via inversion and
spun down at 14,000 RPM for 10 minutes. The supernatant was removed and residual
EtOH was removed from the samples by gently tapping them on a paper towel, and by
aseptically aspirating any visible EtOH in the tube, being mindful to not aspirate near the
DNA pellet. Samples were left uncapped for 15 minutes to allow for any residual EtOH to
evaporate. 50 pL of sddH20 pre-heated to 56°C was then added to the samples and left to
dissolve overnight at 4°C. DNA was measured on the DeNovix DS-11 Series
Spectrophotometer / Fluorometer using the dsDNA application on microvolume mode and
the leftover sddH20 used for elution to blank the samples.

The steps performed for phenol chloroform extraction were as follows: 50 — 200 mL of
liquid culture was harvested during exponential or stationary phase. The culture was spun
down at 4000 RCF for 10 min at 4°C and the supernatant was discarded. The remaining
pellet was resuspended in TE buffer and added dropwise into a to a mortar pre-cooled at
80°C and surrounded by liquid nitrogen. The frozen droplets were crushed and grinded into

a fine powder using a pestle. Liquid nitrogen was added periodically to the surrounding
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environment of the mortar to keep cells cool. The ground up cells were transferred into a
15 mL falcon tube and 2 mL of lysis buffer containing 1.4 M NaCl, 200 mM Tris-HCI, 50
mM EDTA, 2% (w/v) CTAB, RNAse A (250 ug/mL) and Proteinase K (100 pg/mL) was
added. The solution was mixed via inversion and incubated for 1h at 37°C. The solution
was then centrifuged at 3000 RCF for 10 min and the supernatant was transferred into a
new 15 mL falcon tube. One volume of UltraPure™ Phenol:Chloroform:lsoamyl Alcohol
(25:24:1, vlv; Invitrogen™) was added to the solution and mixed via inversion. The
solution was then centrifuged at 3000 RCF for 10 min and the aqueous phase was
transferred into a new 15 mL falcon tube. One volume of chloroform was added and mixed
via inversion. The solution was then centrifuged at 3000 RCF for 10 min. Up to 450 pL of
the aqueous phase was transferred to a sterile 1.7 mL Eppendorf tube. Two volumes of ice-
cold 100% EtOH and a 1/10™ volume of 3M NaAc pH 5.2 were added and the solution was
mixed via inversion. The supernatant was removed and 500 uL of ice-cold 70% EtOH was
added to the solution. The solution was mixed via inversion and spun down at 14,000 RPM
for 10 minutes. This step was repeated for a total of two 70% EtOH washes. The
supernatant was removed and residual EtOH was removed from the samples by gently
tapping them on a paper towel, and by aseptically aspirating any visible EtOH in the tube,
being mindful to not aspirate near the DNA pellet. Samples were left uncapped for 15
minutes to allow for any residual EtOH to evaporate. 50 pL of sddH20 pre-heated to 56°C
was then added to the samples and left to dissolve overnight at 4°C. DNA was measured
on the DeNovix DS-11 Series Spectrophotometer / Fluorometer using the dsDNA
application on microvolume mode and the leftover sddH20 used for elution to blank the

samples.
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2.2.4  PCR Analysis of P. tricornutum Transformants
Genotyping of the cell lines transformed with the nat single selectable marker cassette, the

fcpA region, the fcpD region, and the integration loci was performed using PrimeSTAR®
GXL DNA Polymerase (Takara Bio) according to manufacturer’s instructions and primers
BK2598 F, BK2598 R, BK2632_F, BK2632_R, BK2935 F, BK2935 R, BK2998 F,
BK2998 R, BK3000_F, BK3000_R, BK3003_F, BK3003_R, BK3004_F, BK3004_R,
BK3006_F, BK3006_R, BK3009_F, and BK3009_R (Table B-1). Genotyping of cell lines
transformed with the shBle-T2A-nat double selectable marker cassette and the fcp gene
clusters was performed using the QIAGEN Multiplex PCR Kit according to manufacturer’s
instructions. The primer mix for the shBle-T2A-nat cassette genotyping contained
BK2923_F, BK2923 R, BK2928 F, BK2928 R, BK2937_F, and BK2937_R (Table B-
1). The primer mix for fcp gene cluster genotyping contained BK2935 F, BK2935 R,
BK2936_F, BK2936_R, BK2937 F, BK2937 R, BK2938 F, and BK2938 R (Table B-
1). Inverse PCR was done by first performing Sall-HF and Ncol-HF digests on DNA
isolated from transformation lines. Digestion was performed using 2 uL of rCutsmart
buffer (NEB), 0.4 uL of Sall-HF or Ncol-HF enzyme solution (NEB), 7.6 uL of sddH20,
and 10 uL of isolated DNA per reaction. Sall-HF digestion was performed for 1h at 37°C
and inactivated at 65°C for 20min. Ncol-HF digestion was performed for 1h at 37°C and
inactivated at 80°C for 20min. Ligation was performed using 1 puL of 10X T4 Ligase buffer
(NEB), 0.5 uL of T4 Ligase (NEB), 16.5 uL of sddH20, and 2 uL of restriction digest
product per reaction. PCR was performed using PrimeSTAR® GXL DNA Polymerase
(Takara Bio) according to manufacturer’s instructions. The elongation time was set 4min

based on product size estimates through restriction digest analysis. The primers used for
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amplification were BK2618 F and BK2618 R (Table B-1). All samples were prepped and

sent out for sanger sequencing using BK2618_F.

2.2.5 Spot Plating of P. tricornutum Transformants

P. tricornutum cultures were transferred to individual falcon tubes and centrifuged
at 2000 RCF for 15 min at 18°C. The supernatants were decanted gently into a waste beaker
without disturbing the cell pellets. Leftover media was removed via sterile aspiration. Cell
pellets were then resuspended in 1 mL of L1 media. The concentrations of the resuspended
cells were measured on a DeNovix CellDrop™ Automated Cell Counter using the
propidium iodide (P1) app to calculate the concentration of washed cells. The total cells/mL
output was used as the concentration value. All the following steps were performed
aseptically. The resuspended cells were all diluted with L1 media so that the concentration
of all the cultures was equal to the lowest concentration measured on the cell counter. 100
uL of the cell suspensions were then transferred to wells on a 96-well PCR plate. For every
desired dilution, 90 uL of L1 media was added to another well in the PCR plate. For each
sample, 10 pL of cell suspension was mixed with 90 pL of L1 media to make the first
dilution. 10 pL of the first set of diluted cells were mixed with 90 uL of L1 media to make
the second set of dilutions. This process was repeated until all samples were diluted to their
desired amounts. The final volume for all diluted and undiluted samples in the well plate
was 90 uL. Plates containing 1% agar, %2 L1 media, and desired concentrations of
antibiotics were prepared and air-dried in a biosafety cabinet for 1h before use. Once dried,
5 uL of the samples were plated onto the plates by a flame. The samples were airdried for
15 min before being placed into sterile plastic square trays and then incubated at 18°C
under cool white, fluorescent lights (75 pmol m2 s of PPFD) and a photoperiod of 16 h

light: 8 h. Plates were pictures 14 days after plating.
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2.2.6 DNA Sequencing

DNA sequencing was performed using the Oxford Nanopore Technologies (ONT)
MinlON R9.4.1 Flow Cell with the Rapid Barcoding Kit (SQK-RBKO004) on P.
tricornutum genomic DNA (gDNA). Briefly, gDNA concentration was measured using a
Qubit™ 2.0 Fluorometer (Thermo Fisher Scientific) using the Qubit™ dsDNA High
Sensitivity buffer and gDNA purity assayed using Azsor230 and Azeor2so readings obtained
from the DeNovix DS-11 Series Spectrophotometer / Fluorometer using the dsDNA
application on microvolume mode. Sequencing library preparation was performed
according to the ONT Rapid sequencing gDNA - barcoding (SQK-RBKO004) protocol.
Sequencing runs were performed for 24 — 72h. Basecalling was performed using the ONT

Guppy basecaller v6.5.7 using the super accuracy model.

2.2.7 Bioinformatics Analysis

In order to locate the transformed constructs in the sequencing reads, raw
sequencing reads were converted from FASTQ to FASTA file formats and FASTA files
were passed into the makeblastdb application of the command line blast package (v2.6.0)
to create a BLAST database of the sequencing reads. A FASTA file containing the
sequence of the transformed constructs was searched against the BLAST database of the
sequencing reads using the blastn application of the command line blast package. BLAST
outputs were manually verified by importing the sequencing reads into Benchling and
manually annotating the transformation construct elements. The sequences upstream and
downstream of the integration events were inputted into BLAST and searched against the
P. tricornutum telomere-to-telomere genome assembly (2021, GenBank accession ID:
GCA 914521175.1) with the P. tricornutum mitochondria and chloroplast genome

assemblies appended (NCBI Reference Sequences: NC_016739.1 and NC_008588.1,
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respectively) and the Diatom Consortium genome assembly (2008, GenBank accession ID:
GCA _000150955.2) with mitochondria and chloroplast genome assemblies appended to
ensure integration sites identified by BLAST were accurate and consistent across genome
assemblies. In order to design primers for genotyping, the upstream and downstream
regions of the integration sites, as well as the transformation construct elements that were
present in the sequencing reads, were reconstructed using the sequence information from
the telomere-to-telomere and the sequence of the transformed constructs. Primers were then
designed with respect to the sequence observed in the sequencing reads, and also with
respect to the reconstructed sequences in order to mitigate any potential errors in the
sequencing reads from affecting PCR success. To assess potential sequence coverage, all
the sequencing reads for each sample were pooled and aligned to the P. tricornutum
telomere-to-telomere genome assembly with the P. tricornutum mitochondria and
chloroplast genome assemblies appended using minimap2 (v2.22-r1101, using the -x map-
ont flag to optimize for Oxford Nanopore Sequencing reads and outputted in PAF format).
Potential coverage was visualized using a modified coverage plot function obtained from
the pafr library (v0.0.2). Genome-wide restriction analysis was performed using the
restriction enzyme package from biopython (v1.80). Briefly, a restriction digest analysis
was performed on the transformed constructs using all commercial enzymes. Enzymes that
had zero cut sites were isolated and then a restriction digest analysis was performed on the
P. tricornutum telomere-to-telomere and Diatom Consortium genome assemblies using
this batch of enzymes. Enzymes that demonstrated the shortest average and median product

sizes and that also had non-ambiguous restriction sites (only A’s, C’s, G’s, or T’s present)
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and were capable of being heat-inactivated were selected as candidates for the inverse PCR
screens to locate transgenes.

2.3 Results

2.3.1 Optimizing an electroporation protocol to P. tricornutum
The electroporation protocol detailed in Kassaw et al.® was chosen as a starting

point in order to optimize an electroporation protocol for P. tricornutum. Several attempts
at replicating the protocol were made using plasmids harboring nourseothricin resistance
(pPtGE27 and pPtGE31, from Slattery et al.) and linearized with restriction enzymes prior
to transformations (using Xhol and Bmtl-HF, respectively), however all of these
transformation attempts yielded 0 colony-forming units (CFUs) up to 21 days following
transformation. A linear DNA construct containing just the nourseothricin resistance gene
(nat), flanked by a promoter/terminator pair shown to exhibit strong gene expression in P.
tricornutum (fcpD promoter and fcpA terminator, both endogenous regulatory elements to
P. tricornutum®) was then amplified and used to reattempt this protocol (Figure A-1A).
Xhol restriction sites were added to the end of the constructs via PCR primers in order to
have the ability to generate 5’ overhangs within the transformation construct as all
transformations performed in Kassaw et al. were linearized with restriction enzymes that
produced 5’ overhangs (including Xhol). Attempts to replicate this protocol using both
purified PCR products (blunt ended) and constructs with 5’ overhangs introduced yielded
0 CFU’s as well.

Various modifications to different electroporation parameters were then performed in an
attempt to achieve transformation success in P. tricornutum. These parameters included
varying the concentration of DNA added, varying the volume of DNA containing solution

added, harvesting cell cultures at different growth stages, adding various carrier DNA
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types, and modifying the electrical parameters used for the transformations. Altering the
electrical parameters to generate an electrical pulse at 500V with time constant (TC) of 10
— 25 ms was the modification that seemingly had the most effect on transformation success.
A final transformation protocol that reliably produced colonies on selection plates was
established and consisted of using cells harvested from a culture at OD730 at 0.25 — 0.38,
pre-heating single-stranded salmon sperm DNA (ssssSDNA) to 95°C prior to use as carrier
DNA and pulsing the cells at the following electrical parameters: 500V, 50uF, and 400Q.
These conditions yielded transformations that produced over 1000 CFU’s per selection
plate, with both blunt ended DNA and DNA with 5’ overhangs (Figure 2-1). Information

on all electroporation and electroporation attempts can be found in Table C-1.

A B C

Figure 2-1: Cross section of plates for P. tricornutum electroporations. (A)
Electroporation performed using the Xhol.site-fcpD.Promoter-nat-fcpA. Terminator-
Xhol.site construct with 5° overhangs created via restriction digestion with Xhol. 1000+
CFUs are present on the entire plate. (B) Electroporation performed using the Xhol.site-
fcpD.Promoter-nat-fcpA. Terminator-Xhol.site construct with blunt ends. 1000+ CFUs are
present on the entire plate. (C) Negative control electroporation performed using only
carrier DNA (ssssDNA). 3 CFU’s are present on the entire plate. For all transformations,
1/10" volume of cell cultures was plated on ¥ L1 plates containing 200 pg/mL of
nourseothricin. Pictures were taken 12 days following plating.
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Ten transformation lines were then generated from three independent transformations to
assess whether evidence of the transformed selection marker could be observed in DNA
samples isolated from each transformation line. To mitigate the possibility of
untransformed transformations constructs present on the selection plates contaminating the
DNA sample isolated from each transformant culture, cultures were passed twice (once by
restreaking a single colony on solid media, and once by creating liquid cultures from the
streaked colony) before any DNA isolation was performed. DNA was then isolated from
the transformation lines and genotyping was performed by amplifying a 283 bp region of
the nat CDS. Agarose gel electrophoresis showed presence of the nat gene in samples from

all the transformation lines (Figure 2-2).
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Figure 2-2: 1% agarose gel of genotyping experiment performed on cell lines
transformed with the nat single selectable marker cassette, passed two times following
initial selection. Genotyping was performed by amplifying a 283 bp region of the nat CDS.
“T” denotes which independent transformation and “C” denotes which colony from that
transformation the cell line was generated from. The positive control lane contains a
genotyping PCR performed on DNA isolated from a cell line containing the nat gene on
an episomal vector (pSS94). The negative control lane contains a genotyping PCR
performed on high quality wild-type DNA.
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However, after continuing to pass the same cultures five more times in liquid, presence of
the nat gene was only able to be seen in 6/10 transformation lines, indicating potential

instability of the construct within the genome (Figure 2-3).
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Figure 2-3: 1% agarose gel of genotyping experiment performed on cell lines
transformed with the nat single selectable marker cassette, passed seven times
following initial selection. Genotyping was performed by amplifying a 283 bp region of
the nat CDS. “T” denotes which independent transformation and “C” denotes which colony
from that transformation the cell line was generated from. The positive control lane
contains a genotyping PCR performed on DNA isolated from a cell line containing the nat
gene on an episomal vector (pSS94). The negative control lane contains a genotyping PCR
performed on high quality wild-type DNA. N/A denotes lanes and samples that are not
applicable to this portion of the study.

To determine concretely if the transformed construct was being integrated into the genome
and if so how it was being integrated, an inverse PCR strategy was applied. This strategy
consists of fragmenting genomic DNA (gDNA) of the transformed organism using a
restriction enzyme that does not have a restriction site inside of the transgenic construct,

circularizing the DNA fragments through ligation, then amplifying the gDNA adjacent to

where the construct was integrated using primers that bind to the transgenic construct
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facing outwards to enrich this region for Sanger sequencing. This strategy was attempted
on the same ten transformation lines, once using Sall-HF and once using Ncol-HF to
fragment the isolated gDNA. These restriction enzymes were selected because they are the
commercial enzymes that contained the most restriction sites within the P. tricornutum
genome without having any present in the transformed construct, making the fragments as
small as possible to give the polymerase in the PCR stage the greatest chance of replicating
the entire fragment. They were also chosen because contain a continuous and unique
restriction site, meaning no alternative bases can be present in the restriction site for the
enzyme to cleave that region. This provides the highest chance of ligation to work as all
the bases on at the cut sites will be perfectly complimentary. Finally, these enzymes were
capable of being inactivated by heating, preventing them from interfering with ligation.
Genome-wide fragmentation of P. tricornutum DNA with Sall-HF produces an average
fragment size of 2534 bp and a median fragment size of 1680 bp. Fragmentation with Ncol-
HF produces an average fragment size of 2841 bp and a median fragment size of 1863 bp.
The size of the transformation construct containing the nat gene was 1430 bp. The expected
band sizes for a gDNA fragment containing the transformed construct digested by either
enzyme would therefore be approximately 3000 bp or higher if the whole construct was
inserted. For all ten transformation lines that inverse PCR was performed on, only one line
showed potential evidence of a transformed construct captured within a gDNA fragment
(Line T1C1). Fragments from this line that were derived from Sall-HF and Ncol-HF
digestions were both able to be amplified, although the band sizes observed were below
the expected based on the mean and median estimates (ranging from approximately 1000

to 1500 bp; Figure 2-4).
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Figure 2-4: 1% agarose gel of inverse PCR experiment performed on cell lines
transformed with the nat single selectable marker cassette. “T” denotes which
independent transformation and “C” denotes which colony from that transformation the
cell line was generated from.

Sanger sequencing was then performed on purified inverse PCR products. gDNA not
present in the transformed construct was observed in one of the sequencing reads (NCBI
Reference Sequence: NC _011670.1, region: 137119 — 137159). This indicated that the
construct was likely integrated into the P. tricornutum nuclear genome at chromosome 2,
directly upstream of the fcpA gene. Since the transformation construct contained an
endogenous fcpA promoter to drive nat expression, this indicated that transformed
constructs may have been getting integrated through homologous recombination at regions
of native homology. Genotyping was performed at the fcpA locus in to validate the
sequencing results. Primers were designed to amplify a 1264 bp region of gDNA

encapsulating the fcpA gene. If the transformation construct had been recombined within

that region, a noticeable band size difference would have been expected to be perceived on
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an agarose gel between wild-type gDNA and gDNA from T1C1 as the nat CDS was 96 bp
shorter than the fcpA CDS. However no perceivable difference was observed (Figure 2-5).
Determining where and how the transformed constructs were being integrated into the

genome remained inconclusive through this set of experiments.

Figure 2-5: 1% agarose gel of genotyping experiment performed on cell lines where
genomic DNA was found in inverse PCR sequencing reads. Genotyping was performed
by PCR amplification of the whole fcpA gene. WT denotes genotyping performed on wild-
type genomic DNA. “T1C1” denotes genotyping performed on the cell line where genomic
DNA was found in inverse PCR sequencing reads. Genotyping was performed on DNA
isolated from this line after the second and fourth pass. NTC denotes the no template
control PCR. N/A denotes lanes and samples that are not applicable to this portion of the
study.
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2.3.2 Assaying a double marker transformation
Having established a reliable protocol for introducing DNA to the nuclear genome

of P. tricornutum using electroporation, the next objectives were to conclusively determine
where the DNA was being integrated and how transgenic lines performed over wild-type
cultures. For these purposes, a double selection marker cassette encoding the zeocin
resistance gene (shBle) linked to the nat gene via a T2A self-cleaving peptide linker
sequence was used for the following transformations in order to attempt to mitigate natural
resistance from arising by employing antibiotic switching during passing. The construct
also contained native regions of homology from the P. tricornutum, containing the
promoter and terminator regions for the gene encoding the fucoxanthin-chlorophyll a-c
binding protein D (fcpD). The construct also contained restriction sites for Xhol at the ends,
and also contained a single restriction site for I-Scel upstream of the fcpD promoter which
was added for downstream experiments (Figure A-1B). Using the same electroporation
conditions as previous established and blunt-ended DNA, transformations that yielded over
1000 CFU’s per selection plate were able to be achieved when plated on nourseothricin
selection (Figure 2-6A). However, there was an approximately 7-fold decrease in CFU’s
when the same transformed cultures were plated on zeocin selection (Figure 2-6B). To
assess whether introduction of foreign DNA could induce an immune response that bolsters
P. tricornutum s resilience to antibiotics, a portion of non-coding DNA for P. tricornutum
that was of similar size to the double marker construct was amplified from a plasmid
containing replicative elements for the bacteria Acholeplasma laidlawii, pAL1, and used
in place of the double selectable marker cassette in transformation negative controls. All
of the negative control transformations performed using the pAL1 fragment yielded O

CFU’s (Figure 2-6, Table C-1).
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Figure 2-6: Cross section of selection plates for P. tricornutum electroporations.
Electroporations  performed using the  Xhol.site-fcpD.Promoter-shBle-T2A-nat-
fcpA.Terminator-Xhol.site construct with blunt ends, plated on two selectable backgrounds.
(A) Electroporations plated on % L1 plates containing 200 pg/mL of nourseothricin. (i).
Firstreplicate. 1322 CFU’s are present on the entire plate. (ii). Second replicate. 782 CFU’s
are present on the entire plate. (iii) Negative control transformation (transformed with non-
coding DNA from pAL backbone). 0 CFU’s are present on the entire plate. (B)
Electroporations plated on % L1 plates containing 25 pg/mL of zeocin. Replicates belong
to the same electroporations performed in section A. (i). First replicate. 195 CFU’s are
present on the entire plate. (ii). Second replicate. 107 CFU’s are present on the entire plate.
(iii) Negative control transformation. 0 CFU’s are present on the entire plate. For all
transformations, 1/10™ volume of cell cultures were plated on selective plates. Pictures
were taken 10 days following plating.

fecpD promoter shBle selectable marker T2A nat selectable marker fepD terminator
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After demonstrating that electroporation of double selectable marker cassette can instill
antibiotic resistance in P. tricornutum, the next objectives were to assess transformation
frequency, the performance of the transgenic lines, and how the constructs were being
integrated into the genome. Electroporations of the double selectable marker were
performed across six biological replicates using 160 ng/uL of purified double selectable
cassette DNA. Transformation frequencies were calculated relative to transformed DNA
and to total number of cells transformed. Transformation frequencies relative to
transformed DNA were attained by dividing the number of CFUs that were observed 14
days following plating over the micrograms of DNA added to selection plates divided by
the initial dilution factor. The average transformation frequency -calculated for
transformants selected on 200 pug/mL of nourseothricin was approximately 107 CFUs/ug
of DNA. For transformants selected on 25 pg/mL of zeocin, the calculated frequency was
approximately 23 CFUs/ug (Figure 2-7). Transformation frequencies relative to
transformed DNA were attained by dividing the number of CFUs that were observed 14
days following plating on selective plates multiplied by the dilution factor over the total
number of CFUs in the recovery media as determined through serial dilutions on non-
selective media over the pg of DNA transformed. The average transformation frequency
calculated for transformants selected on 200 pg/mL of nourseothricin was approximately
1.91x10° CFUs/ug. For transformants selected on 25 pg/mL of zeocin, the calculated
frequency was approximately 3.53x10° CFUs/ug (Figure 2-8). It should be noted that
fewer colonies were observed in this set of transformations than expected based on the
previous double selectable marker transformations. This may have been due to growth

issues of the starting cultures as they exhibited slower growth than most other starting



34

cultures used. Due to time constraints, these experiments could not be reperformed and

downstream experiments were continued on these transformation lines.
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Figure 2-7: Bar charts of transformation frequencies calculated without using total
colony forming unit estimates. Calculations were based of CFU’s observed 14 days
following plating on plates containing either nourseothricin (NTC) or zeocin (ZEO)
antibiotics. Transformation frequencies as calculated by transformed colony forming units
per ng of transformed DNA. (A) Bar chart depicting the average transformation frequencies
for each treatment and experimental group. Independent sample t-tests were computed (n.s.
—not significant, * = p < 0.05) based on N = 6 biological replicates. (B) Bar chart depicting
calculated transformation frequencies for each biological replicate performed. “-ve”
denotes frequencies calculated on negative control plates for each biological replicate.
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Figure 2-8: Bar charts of transformation frequencies calculated using total colony
forming unit estimates. Calculations were based of CFU’s observed 14 days following
plating on plates containing either nourseothricin (NTC) or zeocin (ZEO) antibiotics.
Transformation frequencies as calculated by transformed colony forming units per total
colony forming units in transformed culture per pg of transformed DNA. (A) Bar chart
depicting the average transformation frequencies for each treatment and experimental
group. Independent sample t-tests were computed (n.s. — not significant) based on N = 6
biological replicates. (B) Bar chart depicting calculated transformation frequencies for each
biological replicate performed. “-ve” denotes frequencies calculated on negative control
plates for each biological replicate.
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Transformant colonies were then repatched on differing orders of antibiotics to assess
whether selection order had an effect on the proliferation of transformation lines. Up to 20
colonies were picked from the initial selection plate 21 days after plating. These colonies
were repatched on a %2 L1 plate containing the same antibiotic at the same concentration as
was used in the initial selection plate (either 200 pg/mL of nourseothricin or 25 pg/mL of
zeocin). 14 days after repatching, up to 10 streaks were repatched onto a %2 L1 plate
containing the alternate antibiotic. It was determined that although selection with 200
ug/mL of nourseothricin initially yielded more CFUs than selection with 25 pg/mL of
zeocin, a majority of the colonies picked could not be proliferated on successive passes
(Table 2-1). Colonies initially selected for with nourseothricin were also very compact and
firmly bound to the plate media, making noticeably very difficult to pick. 3/120 colonies
were able to be proliferated from nourseothricin-containing plates to another
nourseothricin-containing plate, however all three of these lines were able to be proliferated
after alternating the antibiotic to be zeocin. On the other hand, a majority of the colonies
initially selected for with zeocin were able to be proliferated. 89/99 colonies were able to
be proliferated onto plates containing the same selection, and after altering the antibiotic to
nourseothricin, 51/55 streaks were able to be proliferated. Colonies initially selected for
with zeocin were also phenotypically very noticeably different to those selected for by

nourseothricin, being more globular in nature and much easier to pick (Table 2-1).
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Table 2-1: Colony or streak counts from various transformation and re-streaking
plates. Six independent transformations were performed and selected for on 1% agar and
% L1 plates containing either 25 ug/mL of zeocin (ZEO) or 200 pg/mL of nourseothricin
(NTC). Up to 20 colonies were picked from the transformation plates and streaked out on
an initial plate containing the same antibiotics as the plates the colonies were derived from.
After 2 weeks, the number of streaks that exhibited growth was recorded and up to 10
streaks were re-streaked onto another plate containing the opposite antibiotic. Cultures
were left to grow for 2 weeks and then the number of streaks that exhibited growth was
once again recorded.

Biological CLT::‘?LS Restreak 1 Restreak 2
replicate 7e0 | NTC ZEO > NTC > ZEO -> ZEO | NTC - NTC
ZEO NTC - NTC - ZEO

1 78 263 19/20 0/20 10/10 0/0

2 13 119 11/13 1/20 9/10 1/1

3 18 64 15/18 1/20 9/10 1/1

4 8 58 5/8 1/20 4/5 1/1

5 20 60 20/20 0/20 10/10 0/0

6 21 169 19/20 0/20 9/10 0/0

Four liquid cultures were then generated from initial repatches, two from streaked cultures
on a first pass plate containing zeocin, and two from plate containing nourseothricin. After
two successive passes in liquid, DNA was then isolated from the transformation lines and
genotyping was performed by amplifying a 150 bp region of the shBle CDS, a 235 bp
portion of the nat CDS, and an 865 bp portion of the P. tricornutum chromosome 2 (fcpB
gene; used as positive control for the multiplex PCR). Agarose gel electrophoresis showed
presence of the double selection marker cassette in samples from all the transformation

lines (Figure 2-9).
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Figure 2-9: Genotyping experiment performed on cell lines transformed with the
shBle-T2A-nat double selectable marker cassette, passed two times following initial
selection. (A) Schematic detailing genotyping regions. (B) 1% agarose gel of genotyping
experiment. Z-Z1 and Z-Z2 denote individual cultures that was generated from the streaked
culture on a first pass plate containing zeocin. N-N1 and N-N2 denote individual cultures
that was generated from the streaked culture on a first pass plate containing nourseothricin.
Construct refers to PCR performed using purified shBle-T2A-nat cassette DNA as a
template. WT denotes two independent wild-type cultures. NTC denotes the no template
control PCR.
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The maintenance and efficacy of the double marker cassette was then assayed through spot
plating. The four transformation lines, as well as two wild type cultures were passed four
times in non-selective L1 media, with passing having been performed every 14 days. The
cultures were then adjusted to a concentration of 2x106 cells/mL prior to diluting and plated
on ¥ L1 with no antibiotics, with either zeocin or nourseothricin, or both antibiotics.
Similar growth was observed across all cell lines, with the exception of the wild-type
controls which exhibited no growth in the presence of antibiotics (Figure 2-10).

Dilution Factor

01 10? 101 10? 10° 10! 107 0l 10?
2z
2:Z,
N-N,
N-N,
WT,
WTZ
%11 %L1+ AR %L1+
ZEO 25 pg/mL NTC 50 pg/mL ZEO 25 pg/mL +
NTC 50 pg/mL

Figure 2-10: Spot plate of transformation lines. Four transformation lines were spotted,
and two independently grown cultures of wild-type cells were spotted as well on plates
containing 1% agar and % L1 media and/or zeocin (ZEO) or nourseothricin (NTC)
antibiotics. Z-Z1 and Z-Z> denote individual cultures that was generated from the streaked
culture on a first pass plate containing zeocin. N-N1 and N-N2 denote individual cultures
that was generated from the streaked culture on a first pass plate containing nourseothricin.
WT: and WT2 denote two independent wild-type cultures. Pictures were taken 14 days
after spot plating.

Although the genotyping and growth experiments strongly indicated the double marker
cassette had been integrated into the P. tricornutum genome, no concrete evidence had

been procured to indicate where the constructs were being integrated. To this end,



40

sequencing was performed on by isolating high molecular weight DNA from the four
transformation lines using phenol chloroform isolation and then performing nanopore
sequencing. The sequencing reads were assembled into a BLAST database and then a
BLAST alignment was performed using the transformation construct as the query sequence
to locate the region of the inserts. Two instances of genomic integration were observed in
the four transformation lines, one in line Z-Z1 and one in line Z-Z>. The lack of integration
events observed in transformation lines N-N1 and N-N2 were likely a result of low
sequencing coverage rather than an absence of transgene integration, as genome wide
coverage estimates indicates large regions of the P. tricornutum genome was not present
in the sequencing reads for all sequenced lines (Figures A-2 — A-5).

For the constructs that were found to have integrated, there were a few things to note. For
the integration event found in line Z-Z1, the construct was inserted as a partial concatemer.
The entirety of one construct can be found followed by a partial construct that terminates
within the nat gene directly downstream of it. The constructs are seemingly fused at the
Xhol site at the end of the first construct and at the start of the next, as only one restriction
site at this region was observed in the sequencing read (the restriction site was also
seemingly altered and no longer functional). Additionally, the region directly upstream of
the insert was found to map to chromosome 5 (NCBI Reference Sequence: OU594946.1,
region: 904322—-918802), however the region directly downstream of the insert mapped to
chromosome 3 (NCBI Reference Sequence: OU594944.1, region: 1386512 — 1389764).
The region of insertion lies in an intergenic region in both of these chromosomes (Figure
2-11B). For the integration event found in line Z-Z>, the insertion mapped to a region within

chromosome 9 on the antisense strand (NCBI Reference Sequence: OU594950.1, upstream
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region: 462762 — 475385, downstream region: 473782 — 483277), however the inserted
region included only a partial construct, with the fcpD promoter being partially truncated.
The integration region also consisted of a 16 bp sequence directly upstream and 260 bp
sequence directly downstream of the integration site that showed no significant similarity
to the P. tricornutum genome or the transformed cassette (Figure 2-11C). The integration
site was also determined to fall directly inside of the CDS of a predicted gene,
PHATRDRAFT _45242. A BLAST search of the predicted protein encoded by this gene
reveals 11 potential orthologs, all belonging to pennate diatom species, however no known

function of this gene or its orthologs is known at present.

Xhol I-Scel
site site
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fcpD promoter shBle selectable marker T2A nat selectable marker fepD terminator site

Xholsite |,
fepD terminator prirary I-Scel fepD promater

Xhol site Unknown
s g“mr shBle T2A nat fepD terminator (perterbed) | Sequence

Figure 2-11: Sequencing results from cell lines where integration of transformed
cassettes was observed. (A) Schematic of original transformed construct. (B) Integration
event captured on sequencing read for DNA isolated from Z-Zi cell line. (C) Integration
event captured on sequencing read for DNA isolated from Z-Z2 cell line.

Because full genome coverage was not obtained in the sequencing experiments, there may

have been multiple integration events that were not captured by the sequencing reads,

specifically at the regions within the genome that exhibited a high level of homology to the
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double selection marker cassette. Gene expression on the double selection marker cassette
was driven by the fcpD promoter and terminator, which are native to chromosome 2 of P.
tricornutum. Furthermore, the fcpD gene falls within a gene cluster of four highly similar
genes (fcpA, fcpB, fcpC, fcpD) where a high degree of homology is shared with the
transformed double selection marker cassette. No sequencing reads were identified that
spanned this region, therefore genotyping was performed at these regions for the four
transformation lines to assess whether evidence of integration could be detected.
Genotyping was performed by amplifying a 1928 bp region flanking the fcpD gene, an
1183 bp region flanking the fcpC gene, an 865 bp region flanking the fcpB gene, and a 1453
bp region flanking the fcpA gene in a multiplex PCR reaction. It was predicted that
integration of the double selection marker cassette at any of these loci would have resulted
in a larger amplicon at that given locus as the dual coding regions in the double marker
cassette are larger than all the coding regions of all the fcp genes in the gene cluster.
Agarose gel electrophoresis showed clear bands corresponding to the expected sizes of the
wild type fcpA, fcpB, and fcpC genes in all four transformation lines (Figure 2-12). The
amplified region corresponding to the fcpD gene remained ambiguous as the observed
bands were very faint or non-existent therefore genotyping was performed again for this
locus using a different polymerase that is more suitable for larger amplicons (GXL). For
all four sequenced transformation lines, agarose gel electrophoresis showed bands

corresponding to the expected size of the wild type fcpD gene as well (Figure 2-13).
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Figure 2-12: 1% agarose gel of genotyping experiment performed on fcp gene cluster.
Genotyping was performed by PCR amplification of the regions flanking the fcpA, fcpB,
fcpC, and fcpD genes (1453, 865, 1183, and 1928 bp, respectively). Z-Z1 and Z-Z> denote
individual cultures that was generated from the streaked culture on a first pass plate
containing zeocin. N-N1 and N-N2 denote individual cultures that was generated from the
streaked culture on a first pass plate containing nourseothricin. WT denotes genotyping
performed on wild-type genomic DNA. NTC denotes the no template control PCR. N/A
denotes lanes and samples that are not applicable to this portion of the study.
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Figure 2-13: 1% agarose gel of genotyping experiment performed on fcpD gene. Z-Z1
and Z-Z> denote individual cultures that was generated from the streaked culture on a first
pass plate containing zeocin. N-N1 and N-N2 denote individual cultures that was generated
from the streaked culture on a first pass plate containing nourseothricin. WT denotes
genotyping performed on wild-type genomic DNA. NTC denotes the no template control
PCR. N/A denotes lanes and samples that are not applicable to this portion of the study.
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A final set of genotyping experiments were performed to validate the sequencing results.
For the transformation line Z-Zi, primers were designed to amplify from the sequence
found upstream of the construct on the sequencing read (chromosome 5) to the shBle CDS,
to amplify from the nat CDS to the sequence directly downstream of the construct on the
sequencing read (chromosome 3), and to amplify the entire insertion (chromosome 5 to
chromosome 3) (Figure 2-14A). Amplicons were only expected to be produced in PCR
reactions that used DNA isolated from the Z-Zi line, even in the reactions flanking the
whole insertion event, as DNA isolated from wild type P. tricornutum was not expected to
have a contiguous DNA sequence from chromosome 5 to chromosome 3. Agarose gel
electrophoresis showed expected band sizes for all PCRs performed on DNA from Z-Z,
and no bands for all PCRs performed on DNA from wildtype cultures and no template

control reactions (Figure 2-14B).
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Figure 2-14: Genotyping experiment performed on Z-Z: cell line. (A) Schematic
detailing genotyping regions. (B) 1% agarose gel of genotyping experiment. Z-Z1 denote
individual cultures that was generated from the streaked culture on a first pass plate
containing zeocin. WT denotes two independent wild-type cultures. NTC denotes the no
template control PCR. N/A denotes lanes and samples that are not applicable to this portion
of the study.

For the transformation line Z-Z2, primers were designed to amplify from the sequence
found upstream of the construct on the sequencing read (chromosome 9) to the shBle CDS,
to amplify from the nat CDS to the sequence directly downstream of the construct on the
sequencing read (chromosome 9), and to amplify the entire insertion (chromosome 9 to

chromosome 9) (Figure 2-15A). Amplicons containing portions of the shBle CDS and nat

CDS were on only expected to be produced in PCR reactions that used DNA isolated from
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the Z-Z> line and not in wild type DNA. Since P. tricornutum is a diploid organism, the
double marker cassette could be present in one or both homologs at the integration locus.
In the case that the marker is heterozygously inserted, two types of amplicons should be
produced. One matching the size of the one produced by wildtype DNA (approximately
1000 bp), and one approximately 1880 bp larger, relating to the size of the of insertion
observed in the sequencing library. In the case that the marker is inserted homozygously,
only the latter type of amplicon should be produced. Agarose gel electrophoresis showed
expected band sizes for all PCRs performed on DNA from Z-Z2, and showed two bands in
the lane containing the PCR products spanning the entire insertion locus, indicative of

heterozygous integration (Figure 2-15B).
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Figure 2-15: Genotyping experiment performed on Z-Z: cell line. (A) Schematic
detailing genotyping regions. (B) 1% agarose gel of genotyping experiment. Z-Z> denote
individual cultures that was generated from the streaked culture on a first pass plate
containing zeocin. WT denotes two independent wild-type cultures. NTC denotes the no
template control PCR. N/A denotes lanes and samples that are not applicable to this portion
of the study.

2.4 Discussion
The protocol established here for P. tricornutum electroporation constitutes another

effective method for transforming transgenic DNA into this organism. Previous studies
have reported obtaining a maximum transformation efficiency (no averages were reported
in any study) of 3 x 107> CFU’s/ug of DNA, whereas the average transformation frequency

calculated here was of 3.53x10® CFU’s/ pg per transformation when plated on the same
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antibiotic selection®°. While the transformation efficiency calculated here is not higher than
those reported in other established protocols, all attempts to replicate the other
transformation protocols were unsuccessful. The protocol established here reliably
produced a consistent number of transformants. It should also be noted that data collected
to calculate transformation frequencies were only collected in one set of transformations,
however this set of transformations generated far fewer transformants than other
transformations performed of the same marker, potentially due to poor growth conditions
of the starting cultures. All calculated transformation frequencies from each initial selective
background, with the exception of the frequencies calculated from transformants on
nourseothricin excluding total CFU’s in transformed culture estimates, showed no
significant difference between the experiment when analyzed with independent sample t-
tests. This is believed to be consequence of the poor growth observed in the initial
transformant cultures and not an indication of the lack of efficacy of the transformation
protocol. Due to time constraints these frequencies were reported however it may be
possible that more replicates of this experiment could yield a higher average transformation
frequency for this protocol. The primary difference between the P. tricornutum
electroporation protocol established here and the ones performed in other studies is the
electrical parameters used to pulse the cells. Typical electrical parameters that have been
used in other studies were using an applied voltage of 500V, a capacitance of 25uF, and
400Q of resistance, which yielded a time constant (TC) of approximately 10ms when using
2mm electrocuvettes. The parameters used here were the same except with the capacitance
modified to be 50uF. This generally produced a TC ranging between 20 — 25 ms, depending

on how effectively the salts from the sample media were washed away. The time constant
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is a critical component to electroporation success, as it dictates how pore formation occurs
on the cell membrane, which in turn dictates what how DNA enters the cell. Electroporation
works by disrupting the transmembrane potential across the lipid bilayer using an applied
voltage. This causes the lipids to reorient themselves to form hydrophilic pores in the
membrane. The duration of the pulse dictates the size of the pores and the length of time
they remain open for (and if the process is still reversable)'®. The TC is a measure of the
time it takes for the applied voltage to be reduced by one third of its initial value. For many
established transformation protocols to other organisms, a time constant of 5 — 10 ms is
typically all that is required to achieve efficient electroporation. Longer pulse durations
may be detrimental as the aqueous pores formed may take too long to close or may never
close, leading to cell death via over-leakage of ions and metabolites out of the cell*. The
results shown here indicate that P. tricornutum is susceptible to longer pulse durations and
that this may improve its DNA uptake efficiency. A recent study that also sought to
optimize electroporation in P. tricorntum indicated that P. tricornutum transformation
efficiency is most optimal when the TC is around 8 ms when applying 500V, however the
researchers only tested the aforementioned electrical parameters that yielded a TC of 10
mst. Interestingly, the researchers did investigate higher TC effects on another diatom
species (Nannochloropsis oceania) and determine that using electrical parameters that
generated a time constant of 21 — 25 ms led to optimal transformation efficiency?, exactly
what was observed in this thesis. The researchers also determined a few extra
electroporation parameters that may have influenced diatom transformation efficiency.
Electroporations performed to N. oceania were performed using an initial voltage of 2.2

KV as opposed to 500V. While longer pulse durations generally correlate to larger aqueous



51

pore formation, higher voltage generally correlates to an increased number of pores formed
across the cell membrane!®. It could be possible that P. tricornutum may be tolerant to a
higher applied voltage in conjunction with all the other established electrical parameters
and that this may further improve transformation efficiency. Furthermore, the researchers
determined that electroporations performed in P. tricornutum grown in the absence of silica
(as they were grown in this study was well) were up to five times more efficient when the
cultures were exposed to continuous light as opposed to being grown in light/dark cycles?.
Adding saponins (plant derived, sterol binding compounds that induce pore formation) also
increased electroporation efficiency in P. tricornutum two-fold®. By combining all these
factors, it may be possible to drastically improve electroporation to P. tricornutum beyond
what has been accomplished so far.

Another consistent observation throughout all transformations performed with the shBle-
T2A-nat was that selecting transformants on a nourseothricin selectable background
resulted in a much higher number of initial colonies compared to selecting with zeocin,
however propagating cells from plates containing zeocin was much more reliable than vice
versa. Initially it was believed that this may have been due to P. tricornutum’s ability to
develop spontaneous resistance to nourseothricin, however because in most transformation
experiments no colonies were observed on any negative control plates this assumption
seemed unlikely. Due to the noticeable phenotypic differences in P. tricornutum colonies
found on nourseothricin and zeocin containing plates, another possible explanation is that
the two antibiotics induce different cell morphologies. P. tricornutum cells are known to
exist in three main morphotypes: fusiform, oval, and triradiate!’. These different

morphologies are believed to be adaptations to different life stages of P. tricornutum, either
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as a free floating organism (planktonic) or sedimented to a surface (benthic)!?. The ovular
morphotype of P. tricornutum is most typically associated with benthic life stages, and
only this morphotype has been shown to secrete adhesive mucilage into its extracellular
matrix*3. The difficulty for propagating colonies on nourseothricin could be due to colonies
being harder to pick and streak effectively because they are more “stuck” to the agar plates
as opposed to those selected for with zeocin. Whether nourseothricin induces secretion of
adhesives in P. tricornutum requires further investigation.

A large focus of this thesis was to locate where and how the transformed constructs were
being integrated, as this was a persistent challenge over the course of this research.
Although P. tricornutum is known for exhibiting high rates of mitotic recombination
between homologous chromosomes®, very little evidence of targeted homologous
recombination has ever been observed''®. When performing the inverse PCRs to
attempting to locate the transgenes, one of the transformation lines showed potential
evidence of homologous recombination, as a small region of gDNA that mapped at the
locus of the fcpA terminator but was not present in the fcpA terminator on the transformed
cassette was found in the sequencing read. However, this integration event could not be
verified via genotyping. In the confirmed integration events, the transgenes were found to
integrate randomly. The presence of DNA absent in the transgene constructs or in the
genome that was found directly upstream and downstream of the integration implies that
the transgenes were likely being integrated via non-homologous end joining (NHEJ). This
is consistent with results from other studies that showed NHEJ is the primary mechanism
of insertion when biolistic transformation is used on P. tricornutum?. P. tricornutum has

shown to exhibit a lot of genome instability'4, with double stranded breaks likely occurring
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frequently in the genome, giving transformed DNA in the vicinity an opportunity to
integrate in the genome during the repair process. This is supported by the results as in one
of the two cases of confirmed integration, the sequences directly upstream and downstream
of the transgenic construct map to different chromosomes of the reference genome. This
implies that the transgenic construct was integrated during a translocation event that was
occurring. Another important detail in the integration events was that neither of the
transgenic constructs integrated as they were transformed. In the first integration event, the
construct was inserted as a partial concatemer, with 2 constructs seemingly have been fused
together during the insertion. Concatemer formation has been shown to occur in other
eukaryotes when exogenous DNA is introduced, and has also found to be a consequence
of NHEJ*S, This phenomenon has also been observed in P. tricornutum for transgenic DNA
delivered via biolistic transformation?. In the other integration event, the construct was
truncated before insertion. Since this construct inserted within the PHATRDRAFT 45242
gene locus, its unknown whether gene expression was being driven by the fcpD promoter
in the gene locus, or the promoter upstream of the native gene. However, the possibility
that truncated inserts can still be expressed through regulatory elements of non-essential or
partially essential genes, and the fact the transgenes can integrate as concatemers, poses a
challenge for genetic engineering when the quantity of the inserted sequences is crucial.
This problem manifested itself in this study, as a proposed method for locating transgene
inserts could not be assessed due to this phenomenon. Transgenic constructs were designed
to have one I-Scel restriction site because this restriction site is absent in the rest of the P.
tricorntum genome. The rationale was that next generation sequencing adapters cannot be

ligated onto a DNA molecule if it is missing a phosphate group on the 5> terminus®’. If
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isolated DNA library is first dephosphorylated and then subsequently digested with I-Scel,
then the sequencing adapters can only be ligated to phosphate groups revealed by the I-
Scel digestion. In this way sequencing reads would only be acquired upstream and
downstream of the I-Scel introduced on the construct and the location of insertion could be
easily uncovered. This method depends on only one I-Scel restriction site having been
inserted per integration site, as the lack of a site would mean this region would not be
sequences and more than one site would mean that only the flanking genomic regions
would be sequenced but it would be impossible to see how the fragment inserted as a
concatemer. The final detail of note from the sequencing data is that for each cell line where
integration was confirmed, integration was only found at one genomic locus. Whether or
not multiple integration events typically occur via electroporation could not be resolved in
this study as the coverage obtained from sequencing reads could did not span 100% of the
genome. A study by George et al. conducted a similar experiment on two transgenic P.
tricornutum lines transformed through biolistic transformation, and observed that two
separate integration loci were present for each cell line2. Further research is required to
determine whether this phenomenon is consistent in transformation via electroporation.

In conclusion, the results obtained in this chapter improve our ability to perform genetic
manipulations on P. tricornutum provide novel insights into how these constructs get
integrated in the nuclear genome. Future studies can be performed to assess the long-term
stability of transgenic inserts and whether or not integration is completely random or

whether certain points in the genome show a bias for integrating exogenous DNA.
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Chapter 3

3  Remapping Genome Annotation Data from an OIld P
tricornutum Genome Assembly to the Telomere-to-Telomere
Genome Assembly

3.1 Introduction

Phaeodactylum tricornutum was one of the first two diatoms to have their nuclear
genomes sequenced, with the first draft of the genome having been assembled by the
Diatom Consortium in 2008. This assembly was constructed using paired-end whole
genome shotgun sequencing. This sequencing method relies on randomly fragmenting
genomic DNA molecules and sequencing the fragments in small portions without
alignment to a reference map. The short reads of DNA are then hierarchically assembled
into larger sequences known as contigs based on similar overlapping regions of other
sequencing reads, and many contigs can be further assembled into larger fragments called
scaffolds?. The problem with this technology is that it is reliant on very short sequencing
reads, which cannot unambiguously resolve large repetitive regions or the genome. As a
result, regions such as centromeres, telomeres, and transposable element rich regions are
often the least accurate regions in these kinds of assemblies, and assemblies generated
using this approach are often referred to as “scaffold-level” assemblies as whole
chromosomes cannot confidently be assembled?.

The Diatom Consortium assembly was re-analyzed by another group using long-
read sequencing technologies and the researchers concluded that this genome assembly
was likely fragmented and over-estimated the number of chromosomes in this organism’s
nuclear genome. This group of researchers were unable to quantify the exact number of

chromosomes the organism contained, in large part because assembly algorithms often
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produce contig- and/or scaffold-level assemblies and provide no information on the number
of chromosomes assembled*. Using nanopore sequencing and a novel approach termed
“long-read-karyocounting”, the number of chromosomes within the P. tricornutum nuclear
genome was determined to be 25°. A full telomere-to-telomere (T2T) length assembly of
the nuclear genome further confirmed this value and is now established as the most accurate
assembly of the nuclear genome®. However, in the time spanning the creation of the first
draft assembly and the creation of the T2T assembly, dozens of RNA-Seq experiments, as
well as some proteomics and epigenetic studies were performed, and all of this data was
used to construct gene models and genome annotations in relation to the Diatom
Consortium assembly. The most up-to-date and high-quality annotation effort was
published in 2018 and resulted in the Phaeodactylum tricornutum annotation 3 (Phatr3), a
collection of data consisting of 12,236 gene models and 69,809 total genome features®. In
order to perform large-scale genome engineering and/or develop chromosomal or partial
chromosomal replacement methods, it is vital to have an accurate map of where the genes
of the organisms exist, especially those that are critical for the survival of the organism, in
order to not unintentionally perturb or disrupt existing gene networks. Aligning genome
models from one version an organisms’ reference genome to another can also elucidate any
potential differences in the DNA sequences between two assemblies at key loci, and further
investigation into the discrepancies can elucidate whether any sequence alterations can
exist within a given feature or whether a sequence error exists in either of the assemblies.
Therefore, the objective outlined here is to accurately update the genome coordinates for
each feature in the Phatr3 annotation data and determine where it belongs on the P.

tricornutum T2T assembly.
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3.2 Materials and Methods
3.2.1 Data Extraction and Clean Up

Sequence data for the Diatom Consortium genome assembly (2008, GenBank
accession ID: GCA_000150955.2), as well as sequence data for the mitochondria and
chloroplast genome assemblies (NCBI Reference Sequences: NC _016739.1 and
NC_008588.1, respectively), was extracted from the resource page of DiatOmicBase (%).
The data for this assembly (entitled the Phaeodactylum tricornutum annotation 3, or
Phatr3) was also extracted from this resource page. The sequence data for the P.
tricornutum telomere-to-telomere genome assembly (2021, GenBank accession ID:
GCA 914521175.1) was extracted from NCBI. Phatr3 annotation data for mapped to the
GCA_000150955.2 assembly was stored in a general feature format (GFF) file entitled
Phaeodactylum_tricornutum.ASM15095v2.52.gff3. To prepare this file for downstream
analyses, all header data was removed ensuring all lines in the file contained 9 tab-
separated columns. The data in the last column, hereby referred to as the metadata, was
also transformed to remove any characters, such as symbols and spaces, that might have
been interpreted as special characters by certain programming languages and have caused
problems in the downstream data analysis pipeline. Additionally, there were a few
annotated features that had identical metadata to other features. To ensure that each
annotated feature could be uniquely identified, a unique id value was generated and
appended to the end of each metadata. This unique id value corresponded to the order that
the feature appeared in the original Phatr3 file. A key-value pair file was then created to
link the newly formatted metadata with the original versions so that the original metadata
could be restored once remapping analysis was completed. The formatted Phatr3 file was

then partitioned into multiple GFF files corresponding to the types of features that were


https://www.diatomicsbase.bio.ens.psl.eu/resources/species/phaeodactylum_tricornutum_resources
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present in the original annotation file and all the corresponding data (CDS, chromosome,
direct repeat, exon, 5’-UTR, gene, intron, INcCRNA, mRNA, ncRNA, ncRNA gene,
pseudogene, pseudogenic transcript, region, repeat region, rRNA, sequence feature,

SnORNA, snRNA, supercontig, 3’-UTR, tRNA).

3.2.2 Sequence Extraction and Prefiltering

Sequence information from each of the features in the GFF files was extracted using
bedtools getfasta (v2.30.0) using the Diatom Consortium genome assembly as the input
FASTA file and using the -bed flag for the GFF files. Additionally, the -name flag was
used to append the feature name and coordinates to the FASTA header and the -s flag was
used to ensure that the reverse complement of the sequence will be extracted if the feature
lies on the antisense strand of its chromosome or scaffold. Using a custom script, extracted
sequences were analyzed and removed from downstream analysis if any non-resolved
bases (N’s) were present in their sequences. The remaining sequences were removed from

downstream analysis if any features were shorter than 20 bp using another custom script.

3.2.3 Local and Global Alignments

Phatr3 features that were retained following preliminary filtering were searched
against the telomere-to-telomere genome assembly using the blastn application of the
command line blast package (v2.10.1). A BLAST database consisting of the chromosome
sequences from the P. tricornutum T2T genome assembly and the mitochondrial and
chloroplast assemblies was first constructed using the makeblastdb application of the
command line blast package. A custom output format was specified for all the blastn
queries to ensure that strand-specific information was retained in the output (flag -outfmt
“6 gseqid sseqid pident length mismatch gapopen gstart gend sstart send evalue bitscore

sstrand”). Row numbers (0-indexed) were also appended to BLAST outputs for the
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downstream analyses to work. Sequence information of all of the blast outputs was then
extracted by converting all the outputted blast outputs into BED format using a custom
script and then by using bedtools getfasta (v2.30.0) with the telomere-to-telomere genome
assembly as the input FASTA. Global alignments were performed using a custom script
utilizing EMBOSS Needle (v6.3.0). Briefly, this script takes in FASTA files containing the
sequence information for the BLAST outputs, as well as the FASTA files used as BLAST
inputs. Sequences from BLAST outputs are searched against a dictionary of BLAST inputs.
If the header names of the sequence in the BLAST outputs and input FASTA files match,
a global alignment between the two features is performed using EMBOSS Needle.
Following global alignment, the script checks to see how many of the first and last 10 bp
between the two sequences match. The global alignment score, as well as the first and last

10 bp matching information for each feature are appended to the BLAST output file.

3.2.4  Assembly to Assembly Mapping

The old P. tricornutum Diatom Consortium genome assembly was mapped to the
T2T genome assembly using minimap2 (v2.22-r1101, using the -x asm5 flag to optimize
to optimize aligner for full genome/assembly alignment and outputted in PAF format). A
custom script was used to remove alignments that had low mapping scores (MAPQ < 20)
and small alignments (alignment < 450 bp). A text file containing chromosome sizes of the
T2T genome assembly was also made for the following filtering to work. Updating the
coordinates of the mappings from the Diatom Consortium assembly to the telomere-to-
telomere assembly to remove overlapping alignments was performed with a custom script.
Briefly, this script first sorts the mappings from largest to smallest. Then starting with the
largest mapping, the region of the telomere-to-telomere genome that the mapping maps to

is designated as a region that has a mapping and becomes a restricted region. The next
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largest mapping is then considered. If part of the mapping falls within a restricted region,
then that mapping is considered illegitimate and removed. To mitigate over-filtering, if the
region of overlap is 20% or less than the size of the mapping itself, then that mapping is
allowed to map and the region that overlaps with the restricted region is marked. This
process is repeated until all the mappings have been processed. The remaining maps are
then looped through again to remove any overlaps that they may have with other mappings.
The start and end coordinates are updated on the target region (the region on the T2T
assembly) and the query region (the region the mapping derived from on the Diatom
Consortium assembly) of the mapping to remove overlaps. Which coordinates are updated
is dictated by the location of the overlap and the strand of the mapping (Figure A-7). The
final assembly-to-assembly mapping consists of the largest mappings with mostly unique
mapping regions to the new genome with no overlaps. The GFF file containing the Phatr3
annotations is then looped through, and each feature is checked to see if its coordinates fall
within a region of the Diatom Consortium assembly that got remapped to the telomere-to-
telomere assembly. Coordinate and strand data related to how the mapping that the feature

pertains to maps to the new assembly is then appended to the Phatr3 annotation file.

3.2.5 Filtering and Calling Reciprocal Best Hits

Prior to filtering, all the data pertaining to the assembly-to-assembly remapping and the
feature type and size information was appended to the BLAST output. Preliminary filtering
based on end alignments and feature sizes was then performed. The output was further
filtered to maintain features that had BLAST outputs consistent with the assembly-to-
assembly mapping results. Reciprocal best hits were then called. All of these steps were

performed using custom scripts.
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3.2.6  Updating Coordinates

The file containing all the reciprocal best hits was formatted into a GFF file. The
file was then grouped by chromosome number and then sorted in ascending order by feature
start coordinates. Annotation data from the mitochondrial and chloroplast genomes were
then appended to this file. Finally, the custom metadata was replaced with the original

metadata for the remapped features. All of these steps were performed using custom scripts.

3.2.7  Calculating Success Rate Chromosome by Chromosome
For each feature in the original Phatr3 file, columns were added to append the start

and end coordinates of where the portion of the Diatom Consortium assembly harboring
the feature mapped to on the T2T assembly, as well as the chromosome from the T2T
assembly that it was mapped to. Features that were not captured within a mapped fragment
in the assembly-to-assembly mapping were excluded from analysis. The number of features
estimated to map to each chromosome in the T2T assembly based off the assembly-to-
assembly mapping was then compared to the actual number of features remapped for each
chromosome and computed as a success percentage. All steps were performed using

custom scripts.

3.2.8 Data availability

All files used in this study (including assembly files, annotation files, and scripts
used) can be found https://github.com/mpampuch/pt_genome_remapping along with
detailed instructions for how to perform each step of the process. Remapped and
unremapped annotation data is hosted on the University of California Santa Cruz Genome
Browser portal and can be accessed through https://genome.ucsc.edu/cgi-
bin/hgGateway?hgsid=1828134926_AOVBj4mafegeRJoltfGJ2k2cDROR alongside an

interactive genome browser of the T2T assembly with the remapped annotation data.
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3.3 Results

The strategy implemented to remap the annotation data from the Diatom
Consortium assembly to the T2T assembly was a reciprocal best hit approach, a technique
often used to find orthologous genes across different species’. For the purposes of
remapping genomic data, this approach was employed by first performing a local alignment
(subsequence alignment) of a genomic feature from the old genome assembly to the new
genome assembly using BLAST?. All the subject sequences produced by the alignment
were then globally aligned (end-to-end alignment) back to the original genomic feature
using EMBOSS Needle®. Subject sequences that had the highest global alignment score
were then candidates for successfully remapped genomic features. This was done on all
features from the old assembly except those that contained any “N” symbols in their
sequences and that had a feature size less than 20 bp, as both of these could cause problems
for the alignment softwares or filtering steps. Before a feature was deemed successfully
remapped, a few additional filtering steps were employed to mitigate false-positive
remappings: (1) The first and last base pair of the feature from the old assembly and the
new assembly must be identical. This was done to ensure that the entire sequence of the
original feature was found in the local alignment as alignment softwares tend to offer the
least accuracy towards the ends of the query sequences. (2) At least nine of the first and
last ten base pairs of the feature from the old assembly and the new assembly must be
identical. Since there is a real possibility that the very first and last base pair of a query and
subject sequence can match purely by random chance, this filtering step was employed as
an extra precaution to ensure the entire sequence is found in the local alignment output. (3)
The first three and last three base pairs of the feature from the old assembly and the new

assembly must be identical if the feature is annotated as a gene, transcript, CDS, or exon.
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This was done to mitigate any frameshifted sequences that may have passed the first two
filtering steps from remapping to the new assembly. (4) The length of the feature from the
old assembly must not be 50% longer or shorter than the feature in the new assembly. (5)
The length of the feature from the old assembly must not be 10% longer or shorter than the
feature in the new assembly if the gene, transcript, CDS, or exon. These features were
thought to be more conserved than other features in the genome, therefore a more stringent
filtering cut-off was applied. (6) The feature from the old chromosome maps to an expected
region on the new assembly. (7) The feature from the old chromosome maps to the expected
strand on the new assembly. These last two filters were applied because based on where
and on which strands the chromosomes and DNA scaffolds in the old assembly align to the
chromosomes in the new assembly, the general vicinity and on which strands the genes and
genome features pertaining to those chromosomes and scaffolds will map to can be
predicted as well. Therefore, a high-quality assembly-to-assembly alignment was
performed from the Diatom Consortium assembly to the T2T assembly. The alignment was
performed using minimap2°, and only assembly-to-assembly mappings with a mapping
quality score of 20 or higher, and a size greater than 450 bp were retained (450 bp was
chosen as a cut-off because the smallest scaffold in the old assembly that still contains
annotated genomic data is 450 bp). The mappings were then sorted in descending order by
size, and then analyzed from largest to smallest to check if they overlap with any other
mappings, in which case they were subsequently filtered out from the mapping file. To
mitigate over filtering and allow for cases where old assembly chromosomes and scaffolds
overlap with other ones in the new genome assembly, mappings were allowed to overlap

if the size of the overlapping region was not greater than 20% of the size of the mapping.
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The last step to ensure the assembly-to-assembly mapping could unambiguously help
remap genome features between assemblies was to update the remapping coordinates to
remove any overlaps in the final alignment (detailed in Figure A-7). This was done to
ensure that no remapping conflicts could occur if two reciprocal best hits came from two
regions of the original assembly that overlap with each other on the assembly-to-assembly
mapping and map to the same location on the new assembly. After preliminary filtering
was performed, reciprocal best hits were called by first grouping the BLAST outputs to
their query sequences, sorting the outputs from highest-to-lowest global alignment score,
removing any edge cases where two or more alignments had the highest global alignment
score, and then filtering out all alignments that did not have the highest global alignment
score. A flowchart overviewing the remapping procedure can be found in (detailed in
Figure A-6). Of the initial 69,070 annotated genomic data features, 56,624 features
remapped successfully, whereas 9250 features did not pass the additional filtering, 1532
features were not found in the following the BLAST alignments, 936 features were smaller

than 20 bp, and 48 features had N’s in their sequences (Figure 3-1).
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P. tricornutum Telomere-to-Telomere Assembly Remapping Summary

et
Figure 3-1: Genome-wide summary of remapped features to the telomere-to-
telomere assembly of P. tricornutum.

Since P. tricornutum is a diploid organism that has shown to exhibit different levels of
heterozygosity on difference chromosomes, the number remapped features were checked
chromosome by chromosome to detect if heterozygosity could have had an effect on the
remapping success. In order to quantify this, an expected value of how many features were
expected to map to each chromosome needed to be established. This was done by isolating
all the assembly-to-assembly mappings that mapped to the chromosome of interest and
then extracting all the genome features from the old assembly pertaining the regions where
the mappings derived from. The success rate per chromosome was calculated to range from

67% to 91.7% (detailed in Figure 3-2).
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Chromosome 1 2,608,419 bp

Remapped features: 6224
Expected: 6787

Data retained after filtering: 91.7%

Chromosome 2 2,449,861 bp

Remapped features: 5425

Expected: 625

Data retained after filtering: 86.7%

Chromosome 3 2,064,744 bp
Remapped features: 4470
Expected: 5279

Data retained after filtering: 84.6%
Chromosome 4 1,629,129 bp

Remapped features: 3036

Expected: 3605

Data retained after filtering: 84.2%
Chromosome 5 1,555,020 bp

Remapped features: 3328

Expected: 3864

Data retained after filtering: 86.1%
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Chromosome 6 1,417,157 bp 0 kot 1

Remapped features: 3110

Expected: 351

Data retained after filtering: 88.6%

Chromosome 7 1,124,623 bp s00kb} | b

I
100,000 200,000/ 300,000/ 400,000/ 500,000] 600,000] 700,000| 800,000| 900,000/ 1,000,000| 1,100,000/

Remapped features: 218

Expected: 263 il 3 |

Data retained after filtering: 82.6%

Chromosome 8 1,222,386 bp
Remapped features: 2194
Expected: 2590

Data retained after filtering: 84.7%

Chromosome 9 1,108,211 bp 500 kb

| PT
I 1
100,000| 200,000] 300,000/ 400,000| 500,000 600,000 700,000] 800,000 900,000] 1,000,000 1,100,000

Remapped features: 2382

Expected: 2773

Data retained after filtering: 85.9%

Chromosome 10 1,107,389 bp sookb}

| PT
U 1
100,000]  200,000] 300,000] 400,000/ 500,000 600,000 700,000] 800,000 900,000 1,000,000 1,100,000|

Remapped features: 2417
Expected: 2753

Data retained after filtering: 87.7%

Chromosome 11 1,087,446 bp
Remapped features: 2190

Expected: 2473

Data retained after filtering: 88.6%

(Figure extends to next page)



Chromosome 12 1,052,234 bp
Remapped features: 2160
Expected: 2499
Data retained after filtering: 86.4%
Chromosome 13 959,323 bp
Remapped features: 2249
Expected: 2579

Data retained after filtering: 87.2%

Chromosome 14 89,575 bp
Remapped features: 1821
Expected: 2211
Data retained after filtering: 82.4%
Chromosome 15 897,230 bp
Remapped features: 1403
Expected: 1757
Data retained after filtering: 79.9%
Chromosome 16 860,830 bp
Remapped features: 1644
Expected: 1997

Data retained after filtering: 82.3%
Chromosome 17 803,256 bp
Remapped features: 1552

Expected: 1781

Data retained after filtering: 87.1%
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Chromosome 18 755,751 bp

Remapped features: 1533
Expected: 1839

Data retained after filtering: 83.4%

Chromosome 19 716,929 bp

Remapped features: 1482

Expected: 1645

Data retained after filtering: 90.1%

Chromosome 20 709,265 bp

200 kb} | PT

Remapped features: 1133

Expected: 1377

Data retained after filtering: 82.3%

Chromosome 21 529,758 bp _— -

Remapped features: 1047

Expected: 1563

Data retained after filtering: 67%

Chromosome 22 587,839 bp 200k -
50,000] 100,000 150,000] mooool 250,000 300,000 350,000 4mmo\ 450,000] 500,000 550,000/

Remapped features: 1049 T e TR

Expected: 121

Data retained after filtering: 86.1%

Chromosome 23 557,589 bp 20} -

50,000] 100,000] 150,000] 200,000] 250,000] 300,000| 350,000| wooool 450,000) 500,000 550,000/

Remapped features: 993

Expected: 1196

Data retained after filtering: 83%

(Figure extends to next page)



73

Chromosome 24 546,843 bp

Remapped features: 937 200 kb | PT
50,000 100,000 150,000 200,000 250,000 300,000 350000 400,000 450,000 500,000

Expected: 1159

Data retained after filtering: 80.8%

Chromosome 25 516,834 bp

Remapped features: 690 200 kbt { PT
50,000 100,000 150,000 200,000] 250000 300,000] 350000 400,000] 4s50.000]  500,000|
E

Expected: 939

Data retained after filtering: 73.5%

Figure 3-2: Chromosome-wide summary of remapped features to the telomere-to-
telomere assembly of P. tricornutum. Each black bar indicates a remapped Phatr3 feature
and its location relative to the T2T assembly chromosome. Chromosome coverage plots
from Giguere et al., (2021) were overlayed for each chromosome. Coverage depth across
each chromosome is denoted by blue or orange colouration. Orange colouration indicate
regions where sequencing depth was 50 — 75X. Light blue colouration indicate regions
where sequencing depth was 75 — 125X. Blue colouration indicate regions where
sequencing depth was 125 — 175X. Dark blue colouration indicate regions where
sequencing depth was 175X+. Red lines indicate regions where overlaps were removed
from the assembly-to-assembly mapping.

3.4 Discussion

The remapping procedure outlined here was able to confidently remap 81.8% of the
Phatr3 annotated genome models to the T2T genome assembly. Various bioinformatics
tools exist to perform assembly-to-assembly annotation data remapping, however the
accuracy of these tools relies heavily on the similarity between the two assemblies and
validation of the results is challenging®*2. Although the same strain of P. tricornutum was

used to assemble the 2008 Diatom Consortium and the T2T assembly (strain CCAP
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1055/1), the two genome assemblies differ significantly. k-mer completeness is a metric
that is used to estimate the completeness of a genome assembly. k-mers are (DNA
subsequences of length k and by comparing the k-mers found in high quality sequencing
reads to the those found in a de novo genome assembly, the portion of the k-mers found in
the sequencing library that appear in the final reference genome in the be intuited'3. For
both the T2T and Diatom Consortium assembly, the k-mer completeness estimate was only
80%°. This may be due to P. tricornutum having an intrinsically high level of
heterozygosity between both homologs for most of its chromosomes that are not captured
in either of the genome assemblies. Both the T2T and the Diatom Consortium genome
assemblies are collapsed assemblies, meaning that each chromosome has only one
reference sequence despite each chromosome having two homologs in the nucleus. Any
variation between the two homologs will have been flattened down into a single sequence
by the genome assembly algorithm®14. P. tricornutum is also known to have a high degree
of intraspecies genomic variation, and genomic changes occur very often between mother
and daughter cells®®. Diatoms are a very ecologically successful organisms and occupy a
wide array of ecological niches, implying that these organisms are very effective at
producing genomic variation in their populations®. Despite this, sexual reproduction and
meiosis are rarely observed in these organisms®’18, Instead, diatoms have been observed to
exhibit a large degree of interhomolog mitotic recombination that produce genetic
compositions similar to those generated through meiotic recombination®®. Further
investigation needs to be performed to determine whether this phenomenon is responsible
for the low level of k-mer completeness found in this diatom, however as it stands the

differences in sequences between the two assemblies may be up to 80%. This number is
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strikingly similar to the percentage of Phatr3 features that successfully remapped between
the assemblies, therefore homolog specific sequence differences may be a partial
explanation for why some Phatr3 features could not be confidently remapped using this
methodology. One potential solution for this problem could be to perform “phasing” on the
T2T genome assembly, whereby the sequence for each chromosome is parsed into two
reference sequences indicative of the two homologs in the nuclear genome!**°. Repeating
the remapping process on a “haplotype resolved” assembly could provide a higher success
rate than that observed here on a collapsed assembly. Since there may be a large amount
of sequence variation between the two assemblies, it would also be valuable to compare
how similar the sequences are between the Phatr3 gene models on the Diatom Consortium
assembly and the sequences that are derived from the Phatr3 gene models mapped to the
T2T assembly. The sequence variability at the gene loci is likely to be much lower to that
of intergenic regions, as these regions are more likely much more heavily conserved,
however it still needs to be determined whether translating each sequence in silico will
result in the exact same polypeptide sequence. Such an analysis may elucidate potential
errors made in the assembly of either reference genomes or novel gene variants within the
species. Finally, chromosome-level analysis revealed that many regions of the T2T
chromosomes that contain low levels of remapped Phatr3 annotations correspond to
regions of low coverage depth in the T2T genome assembly. This is very well exemplified
on chromosome 4 in Figure 3-2, where a lack of annotation data can be observed in the
region of high sequencing variability (coloured in orange). It was noted in the T2T
assembly study that regions of low coverage during genome assembly are highly correlated

with predicted dense regions of long terminal repeat (LTR) retrotransposons®. This would
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explain the lack of remapped data to those regions as features that exhibit a lot of sequence

similarity to other features or many portions of the genome are one of the hardest features

to confidently remap. The LTR-rich regions of the P. tricornutum genome are one of the

most repetitive regions as LTR retrotransposons are predicted to be the most common

transposable elements in P. tricornutum.

In conclusion, the results obtained in this chapter improve the quality of the P. tricornutum

reference genome and provide a good reference for future remapping initiatives.
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Chapter 4

4 General Discussion

4.1 Transformation and Remapping Data enable Large Scale
Genome Engineering Efforts

The data obtained in this thesis improves our understanding of the genetic basic of
P. tricornutum and opens the door for larger-scale engineering efforts to be performed.
After optimizing a method for integrating exogenous DNA into the nuclear genome of P.
tricornutum, the next objective was to introduce landing pads, or sites where DNA can be
recombined deliberately, into the genome. This would allow for the possibility of achieving
a major objective of the Synthetic Diatoms project, which is to develop a partial
chromosome replacement system through the use of controlled translocations®. For such a
system to be implemented, two primary stipulations need to be met. (i) A method for
“swapping in” a large exogenous piece of DNA with the end of a chromosome needs to be
achievable, and (i) knowledge about where essential genes lie needs to be established.
Based on the results obtained from this study, a Cre/lox system for replacement
chromosome fragments can be attempted?. Transformation cassettes containing a loxP site
can electroporated into P. tricornutum. If a loxP harboring cassette integrates towards the
end of a nuclear chromosome, then this site can act as a “landing pad” for edits to be made.
If the Cre/lox recombination system can be shown to work in P. tricornutum, then by
transforming modified chromosome fragment harboring a loxP site via a conjugative
vector, excising it, and then introducing the Cre recombinase into the organism,
translocations can occur at the loxP sites, swapping in the exogenous chromosome
fragment with the native one. One caveat is that maintenance and transformation of DNA

fragments becomes more difficult the larger the DNA is, hence if modified chromosome
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fragments can be reduced in size, this may streamline any genome editing pipelines®4. To
this end, removing any non-essential genes and intergenic regions can be done if these
regions are known. Electroporation on a large scale can be an effective way of determining
non- or quasi-essential genome regions. Researchers from the J. Craig Venter Institute were
able to a strain of Mycoplasma mycoides with a minimized genome using a similar strategy
of creating a disruption map of randomly integrated cassettes®. P. tricornutum is a diploid
organism and hence performing a gene essentiality experiment is much more difficult than
in haploid organisms, but this methodology can still provide of a good indicator of which
genes or genome regions are non-essential in a homozygous context. This is even
demonstrated through this study as a cell line generated by the heterozygous knockout of
the predicted gene PHATRDRAFT_45242 was established and has been shown to be
viable. Once essential genes are known, the other piece of the puzzle is knowing where
they exist with the genome. To this end, the data obtained through the genome remapping

project provides substantial progress towards elucidating this information.

4.2 Conclusions

In conclusion, P. tricornutum has a high potential to become leading industrial
microbe in a sustainable bioeconomy. The results obtained in this study provide new
insights into the underlying biological mechanisms and genome of P. tricornutum. The
genetic engineering advances made will increase the rate at which basic and applied diatom
research can be performed and move us one step closer to performing ambitious synthetic

biology scale research on this organism.
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Appendices

Appendix A: Supplementary Figures
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Figure A-1: Schematic of important transformation cassettes used in this study. (A)
nat single selectable marker cassette. (B) shBle-T2A-nat double selectable marker cassette.
(C) nat single selectable marker cassette with loxP sites. (D) shBle single selectable marker
cassette with loxP sites.
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Figure A-2: Potential coverage plot of sequencing reads obtained from
transformation line Z-Zi. Red regions indicate where sequencing reads potentially
mapped to in the genome, as predicted by minimap2. Cp denotes chloroplast genome
(represented linearly). Mt denotes mitochondrion genome (represented linearly). One
instance of transformation marker integration was discovered in this cell line.
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Figure A-3: Potential coverage plot of sequencing reads obtained from
transformation line Z-Z>. Red regions indicate where sequencing reads potentially
mapped to in the genome, as predicted by minimap2. Cp denotes chloroplast genome
(represented linearly). Mt denotes mitochondrion genome (represented linearly). One
instance of transformation marker integration was discovered in this cell line.
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Figure A-4: Potential coverage plot of sequencing reads obtained from
transformation line N-Ni1. Red regions indicate where sequencing reads potentially
mapped to in the genome, as predicted by minimap2. Cp denotes chloroplast genome
(represented linearly). Mt denotes mitochondrion genome (represented linearly). No
instances of transformation marker integration were discovered in this cell line.
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Figure A-5: Potential coverage plot of sequencing reads obtained from
transformation line N-N2. Red regions indicate where sequencing reads potentially
mapped to in the genome, as predicted by minimap2. Cp denotes chloroplast genome
(represented linearly). Mt denotes mitochondrion genome (represented linearly). No
instances of transformation marker integration were discovered in this cell line.
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1. Collect all annotation and
genome assembly data

2. Prefilter data 1. Align 2008 assembly to
* Remove sequences with N's T2T assembly
« Remove sequences smaller than 20 bp

2. Pre-filter alignments
3. BLAST old annotation + Remove small alignments
data to T2T assembly « Remove low scoring alignments

4. Global alignment of
BLAST outputs back
to BLAST inputs

3. Update alignment coordinates to

remove overlaps

8. Filter out successful remaps
« Check if remap has the highest global alignment score
« Check if the first and last base pair of the BLAST input and
output match
» Check if 9 or 10 of the first and last 10 base pairs of the
the BLAST input and output match
+ Check if lengths are BLAST input and output are similar
« Check if remap falls in a region and in an orientation that is
consistent with the assembly to assembly remapping
« Feature specific checks (exons, CDS, etc)

9. Update the genome coordinates of the successfully
remapped features in the annotation file

Figure A-6: Flowchart of remapping process.
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Figure A-7: Diagram describing genome coordinate modifications that need to be
made to mappings to remove overlaps from old assembly to new assembly mapping.
(A) If the overlap exists on the left side (relative to the sense strand of the new assembly
chromosome) of the old assembly mapping, and the mapping is on the sense (+) strand of
the new chromosome, then the query (region on old assembly) start coordinates and target
(region on new assembly) start coordinates must be updated. (B) If the overlap exists on
the right side (relative to the sense strand of the new assembly chromosome) of the old
assembly mapping, and the mapping is on the sense strand of the new chromosome, then
the query end coordinates and target end coordinates must be updated. (C) If the overlap
exists on the left and right side of the old assembly mapping, and the mapping is on the
sense strand of the new chromosome, then all the genomic coordinates need to be updated.
(D) If the overlap exists on the left side of the old assembly mapping, and the mapping is
on the antisense (-) strand of the new chromosome, then the query start coordinates and
target start coordinates must be updated. (E) If the overlap exists on the right side of the
old assembly mapping, and the mapping is on the antisense strand of the new chromosome,
then the query start coordinates and target end coordinates must be updated. (F) If the
overlap exists on the left and right side of the old assembly mapping, and the mapping is
on the antisense strand of the new chromosome, then all the genomic coordinates need to
be updated.
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Appendix B: Primers and Genetic Parts

Table B-1: Oligonucleotides used in this study.

Name Sequence (5' to 3) Description
BK1980_F | GAGCTGTAAGTACATCACCGACGAGCAAGGCAAGACGATCAATC | Forward primer: Amplifies oriC
AAAAAACCACCTTTCT region of pAL1 backbone (used for
transformation negative control)

BK1980_F | AGGGTTTTCCCAGTCACGACATTAACCCTCACTAAAGGGAATTTT | Reverse primer: Amplifies oriC

ACCCCTTTTATTAAT region of pAL1 backbone (used for
transformation negative control)

BK2510_F | CTCGAGATTGGGATATCTCGCTCGTG Forward primer: Amplifies nat
from pPtGE27 with Xhol sites.

BK2510_ R | CTCGAGCCCTGGTTGAGTTCGATAGC Reverse primer: Amplifies nat from
pPtGE27 with Xhol sites.

BK2598 F | GACCAAGGTGTTCCCCGA Forward primer: Genotyping nat
CDS (283 bp)

BK2598 R | GTTGACGTTGGTGACCTCC Reverse primer: Genotyping nat
CDS (283 bp)

BK2618_F | ATGGGGTTCACCCTCTGC Forward primer: Inverse PCR
primer inside nat CDS.

BK2618_R | GAAGACGGTGTCGGTGGT Reverse primer: Inverse PCR
primer inside nat CDS.

BK2632_F | ACCTCTACGGGCCAAAGATT Forward primer: Genotyping fcpA
gene on chromosome 2 for
construct integration (1453 bp).

BK2632_ R | GGCTCATAGTCGGTTTTGGA Reverse primer: Genotyping fcpA
gene on chromosome 2 for
construct integration (1453 bp).

BK2790_F | CTCGAGATAACTTCGTATAATGTATGCTATACGAAGTTATTGTGA | Forward primer: Amplifies shBle

(b) GCGGATAACAATTTCA with loxP sites, Xhol sites and a I-
Scel site.

BK2790_R | CTCGAGATAACTTCGTATAATGTATGCTATACGAAGTTATGCTAG | Reverse primer: Amplifies shBle

(b) TGTTATTCCTGACTG with loxP sites, Xhol sitesand a I-
Scel site.

BK2791_F | CTCGAGATAACTTCGTATAATGTATGCTATACGAAGTTATACTAG | Forward primer: Amplifies nat with

(b) CTTGATTGGGATATC loxP sites, Xhol sites and a I-Scel
site.

BK2791_R | CTCGAGTAGGGATAACAGGGTAATATAACTTCGTATAATGTATG Reverse primer: Amplifies nat with

(b) CTATACGAAGTTATAACAATTTCACACAGGAAAC loxP sites, Xhol sites and a I-Scel
site.

BK2821_F | CTCGAGTAGGGATAACAGGGTAATACTAGCTTGATTGGGATATC | Forward primer: Amplifies shBle-

TCG T2A-nat from pPtGE32 with Xhol
sites and a I-Scel site.

BK2821_R | CTCGAGGACGTTTTCACTCTCGAGCACAGGTTTTTTACTAATTG Reverse primer: Amplifies shBle-
T2A-nat from pPtGE32 with Xhol
sites and a I-Scel site.

BK2923_F | GACCAAGGTGTTCCCCGA Forward primer: Genotyping nat
CDS (225 bp).

BK2923_R | GTCGCGAGCCCCATCAAC Reverse primer: Genotyping nat
CDS (225 bp).

BK2928 F | TGGCCAAGTTGACCAGTGC Forward primer: Genotyping shBle
CDS (150 bp).

BK2928 R | TGATGAACAGGGTCACGTCG Reverse primer: Genotyping shBle
CDS (150 bp).

BK2935 F | CATTTGCTGGACACGGATGC Forward primer: Genotyping fcpD
gene (1928 bp).

BK2935 R | CTGCAAATTGTCCTCCTGGG Reverse primer: Genotyping fcpD
gene (1928 bp).

BK2936_F | ACCGACGAATATCTGACAGTCA Forward primer: Genotyping fcpC
gene (1183 bp).

BK2936_R | GAGGTCCTCAGCGTACGTTA Reverse primer: Genotyping fcpC
gene (1183 bp).
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BK2937_F

GAACAATTACAACCCCGGCC

Forward primer: Genotyping fcpB
gene (MPX + control; 865 bp).

BK2937 R

TCCTGGTTGAACACGTATCCT

Reverse primer: Genotyping fcpB
gene (MPX + control; 865 bp).

BK2938_F

CACCCTGTGCCTTGCTCA

Forward primer: Genotyping fcpA
gene (1453 bp).

BK2938_R

TATCTCCACCGGCCGAAAC

Reverse primer: Genotyping fcpA
gene (1453 bp).

BK2998 _F

TCACACCGACATGCATCTCT

Forward primer: Genotyping
upstream region of integration
event in Z-Z, line (Chr 5) to shBle
(~1420 bp).

BK2998_R

TCCCGGAAGTTCGTGGAC

Reverse primer: Genotyping
upstream region of integration
event in Z-Z, line (Chr 5) to shBle
(~1420 bp).

BK3000_F

TCCTTCACCACCGACACC

Forward primer: Genotyping
downstream region of integration
event in Z-Z, line (Chr 3) to nat
(~2338 bp).

BK3000_R

CAAGTTGGCTGTCATACGCA

Reverse primer: Genotyping
downstream region of integration
event in Z-Z; line (Chr 3) to nat
(~2338 bp).

BK3003_F

GTCTTTCACACCGACATGCA

Forward primer: Genotyping
upstream region (Chr 5) to
downstream region (Chr 3) of
integration event in Z-Z, line
(~4157 bp).

BK3003_R

AGCTTGCAAAACACCATCTG

Reverse primer: Genotyping
upstream region (Chr 5) to
downstream region (Chr 3) of
integration event in Z-Z; line
(~4157 bp).

BK3004_F

CGGACAGCAAGCCAGATTG

Forward primer: Genotyping
upstream region of integration
event in Z-Z, line (Chr 9) to shBle
(~1126 bp).

BK3004_R

TCCCGGAAGTTCGTGGAC

Reverse primer: Genotyping
upstream region of integration
event in Z-Z, line (Chr 9) to shBle
(~1126 bp).

BK3006_F

TGACCACTCTTGACGACACG

Forward primer: Genotyping
downstream region of integration
event in Z-Z, line (Chr 9) to nat
(~1580 bp).

BK3006_R

ACAAGAATGGCGCTTCGATC

Reverse primer: Genotyping
downstream region of integration
event in Z-Z, line (Chr 9) to nat
(~1580 bp).

BK3009_F

CGAATCAAAGTCACCCCGGA

Forward primer: Genotyping
upstream region (Chr 9) to
downstream region (Chr 9) of
integration event in Z-Z, line
(~2905 bp).

BK3009_R

TTGTCCTTCCTGTTTGCCAC

Reverse primer: Genotyping
upstream region (Chr 9) to
downstream region (Chr 9) of
integration event in Z-Z, line
(~2905 bp).
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Table B-2: Genetic parts used in this study.

Name

Sequence (5" to 3")

Description

fcpD promoter

ACTAGCTTGATTGGGATATCTCGCTCGTGCTTGTCGCGTGCTATGTCTTTTAGGGTACTTGA
ACCTACGTTCGTACTTGTATAATATGATCATCGTCGTCATCGTATTATCGTTTTTCATCCGTC
CAGCGCAAAATGCATTAGCAGCTAGTCCTAGCGTGCGGAGCTACCTGTACAGGTGCATGAC
GGATGCGTGTCCTTAAGTGAGTTTCTAATTAACAGTAACTTCTTTACTTATGTTTCAGTTTGT
AAGAAGCGGGATTCGCTCGTCGGTTGACATCTGATTGGACTGCGTCGGCACGTGAAAACTA
CATTGTGAAATCTGCTAAAACTCCGGGTATCTCTGACACAAAACGATTCGCGTCTCAATTTC
AACATTACGGTCAAGGCTAACGTATCTTTCTCGGTCAACTTCAGATTACGCCGAGTAAATTG
TCGTAGCTTTCAAGGCGTTTTGAGTACTGCGGCAGTTGTTGAACCTGCAAGGAGAAGATCT
CGACAACAGAATACAGCGAAAAATGGGTCTCATGCACTAACACTCAGTCCTCCCTCATAAT
CTCTGTTAGAGTTTACCAACAACACATATATACATTTCGACAAA

Regulatory
element native to
chromosome 2 of
P. tricornutum.

fcpD terminator

TTTTGTTACATTTACTGACTTCAAGGAGTCGAGGAATCGATACTGCCGTCGTTTCCAGGATC
CGAGGTTTCATAAACTCTGTTAACGTTATAGAAACAGACTTACCTCTCCTACGCCATTCACG
TAATATTCGCAATATGCTATTCTTCCTCTGAAGACCAGGTTTATGTGCTGCCTGAAACTATT
TCAATAAGTCAGCTGCACTTGCACAGGGTTTCACAAGGAAAGCGTGTCTTTTTTTCCAACGT
AGGCGTCGCTTTCGTCTGACTCTTACTCTTACATTCACAGCCAATACTTACAATTAGTAAAA
AACCTGTGCTCGAGAGTGAAAACGTC

Regulatory
element native to
chromosome 2 of
P. tricornutum.

fcpA terminator

CCGCAACAACTACCTCGACTTTGGCTGGGACACTTTCAGTGAGGACAAGAAGCTTCAGAAG
CGTGCTATCGAACTCAACCAGGGACGTGCGGCACAAATGGGCATCCTTGCTCTCATGGTGC
ACGAACAGTTGGGAGTCTCTATCCTTCCTTAAAAATTTAATTTTCATTAGTTGCAGTCACTC

CGCTTTGGTTT

Regulatory
element native to
chromosome 2 of
P. tricornutum.

nat CDS

ATGACCACTCTTGACGACACGGCTTACCGGTACCGCACCAGTGTCCCGGGGGACGCCGAGG
CCATCGAGGCACTGGATGGGTCCTTCACCACCGACACCGTCTTCCGCGTCACCGCCACCGG
GGACGGCTTCACCCTGCGGGAGGTGCCGGTGGACCCGCCCCTGACCAAGGTGTTCCCCGAC
GACGAATCGGACGACGAATCGGACGACGGGGAGGACGGCGACCCGGACTCCCGGACGTTC
GTCGCGTACGGGGACGACGGCGACCTGACGGGCTTCGTGGTCGTCTCGTACTCCGGCTGGA
ACCGCCGGCTGACCGTCGAGGACATCGAGGTCGCCCCGGAGCACCGGGGGCACGGGGTCG
GGCGCGCGTTGATGGGGCTCGCGACGGAGTTCGCCCGCGAGCGGGGCGCCGGGCACCTCTG
GCTGGAGGTCACCAACGTCAACGCACCGGCGATCCACGCGTACCGGCGGATGGGGTTCACC
CTCTGCGGCCTGGACACCGCCCTGTACGACGGCACCGCCTCGGACGGCGAGCAGGCGCTCT
ACATGAGCATGCCCTGCCCCTGA

Coding sequence
conferring
resistance to
nourseothricin.

cat CDS

ATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAAC
ATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATT
ACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACAT
TCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTG
GTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTC
ATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATG
TGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTC
GTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAA
CTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGC
CGCTGGCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAAT
GAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCG

Coding sequence
conferring
resistance to
chloramphenicol.

shBle CDS

ATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCG
AGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGT
GGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAAC
ACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCG
TGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTG
GGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAG
CAGGAC

Coding sequence
conferring
resistance to
zeocin.

T2A

TCCCGTGAAGCCCGTCACAAGCAGAAGATTGTCGCCCCCGTCAAGCAGACCTTGAACTTCG
ACTTGCTGAAGTTGGCCGGAGACGTCGAATCCAACCCCGGACCC

T2A self-cleaving
peptide linker
sequence.
Promotes
ribosome skipping
in P. tricornutum.

Cre CDS

ATGCCCAAGAAGAAGAGGAAGGTGTCCAATTTACTGACCGTACACCAAAATTTGCCTGCAT
TACCGGTCGATGCAACGAGTGATGAGGTTCGCAAGAACCTGATGGACATGTTCAGGGATCG
CCAGGCGTTTTCTGAGCATACCTGGAAAATGCTTCTGTCCGTTTGCCGGTCGTGGGCGGCAT
GGTGCAAGTTGAATAACCGGAAATGGTTTCCCGCAGAACCTGAAGATGTTCGCGATTATCT
TCTATATCTTCAGGCGCGCGGTCTGGCAGTAAAAACTATCCAGCAACATTTGGGCCAGCTA
AACATGCTTCATCGTCGGTCCGGGCTGCCACGACCAAGTGACAGCAATGCTGTTTCACTGG
TTATGCGGCGGATCCGAAAAGAAAACGTTGATGCCGGTGAACGTGCAAAACAGGCTCTAG
CGTTCGAACGCACTGATTTCGACCAGGTTCGTTCACTCATGGAAAATAGCGATCGCTGCCA
GGATATACGTAATCTGGCATTTCTGGGGATTGCTTATAACACCCTGTTACGTATAGCCGAAA
TTGCCAGGATCAGGGTTAAAGATATCTCACGTACTGACGGTGGGAGAATGTTAATCCATAT
TGGCAGAACGAAAACGCTGGTTAGCACCGCAGGTGTAGAGAAGGCACTTAGCCTGGGGGT

Sequence
encoding Cre
recombinase,
codon optimized
for P.
tricornutum.
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AACTAAACTGGTCGAGCGATGGATTTCCGTCTCTGGTGTAGCTGATGATCCGAATAACTAC
CTGTTTTGCCGGGTCAGAAAAAATGGTGTTGCCGCGCCATCTGCCACCAGCCAGCTATCAA
CTCGCGCCCTGGAAGGGATTTTTGAAGCAACTCATCGATTGATTTACGGCGCTAAGGATGA
CTCTGGTCAGAGATACCTGGCCTGGTCTGGACACAGTGCCCGTGTCGGAGCCGCGCGAGAT
ATGGCCCGCGCTGGAGTTTCAATACCGGAGATCATGCAAGCTGGTGGCTGGACCAATGTAA
ATATTGTCATGAACTATATCCGTAACCTGGATAGTGAAACAGGGGCAATGGTGCGCCTGCT
GGAAGATGGCGATTAG

loxP site ATAACTTCGTATAATGTATGCTATACGAAGTTAT Site of
recombination for
Cre recombinase

Xhol site CTCGAG Restriction site for
the Xhol nuclease.

1-Scel site TAGGGATAACAGGGTAAT Restriction site for
the I-Scel
nuclease.

pAL backbone GAGCTGTAAGTACATCACCGACGAGCAAGGCAAGACGATCAATCAAAAAACCACCTTTCTT | Region of pAL

fragment ATGAAACCTTGCTTTTCTTATTATAAATAAAGTGTACTTAAAAGTCAAACATAAAATGGTCT | backbone used as

TTCTTTTATTTATTTTTTATTTGATTTTTCCCACAATTTTTAATATGAATGTTCCCCACAATTA
TTGTCCACACATTGTGGATAAAGTTTCCACATTTTATTCACAATGTTGATAAGTAGCGTAAG
TATATTTAACAGCCTTACAAAGCAAATGATACACTGAAAGTTATCCACAATTTAATATTTAA
AGAACAGCTAAATCAAAAAGTTATCCACAAATAATGTGGAAAACTTTTTATTAAATTTGTC
GTTTCTTATGCTATCATAGTTTTACATAAATTATTAACTCAGGGAGGCAGTCATGAGTCCAA
ACAGCACACTATGGCAGACAATATTACAGGATTTAGAAAAACTATACAACGAGGAGACTT
ACAACGAGCTATTTCTACCAGTGACTTCTACTTTTAAAGATCAAAACGGATTACTTACAATG
GTTGTAGCAAATGAGTTCTTAAAGAATCGTATCAATAAACTATACATCGCAAAAATTAACG
AACTTGCTACTAAATATTCAAGTACTCCAGTTAGATTGAAATTCATATCACAAGAGGAAGT
TATTGAAGAACCAGTAGCGGATCGTAAATTAACCATTGATTATCGTCAAGGTAACTTAAAC
TCTACATATACCTTTGACTCTTTTGTTGTTGGAAAATCTAACATGTTTGCTTTTCGTATGGCG
ATGAAGGTTGCTGATCAACCTGCAGCAGTAGCAAACCCCTTCTACATATTTGGTGATGTAG
GTTTAGGTAAAACCCATCTTATGCAAGCAATAGGTAACTATATATTAGATAATGATGTTGA
AAAACGTATATTATATGTTAAAGCTGATAATTTTATTGAAGACTTTGTATCATTATTATCAA
GAAACAAAAATAAGACTGAAGAATTCAATGCTAAATATAAAGATATAGATGTTATATTAGT
GGATGATATTCAAATTATGGCCAACGCTAGTAAAACTCAAATGGAATTCTTTAAACTCTTTG
ACTATCTATATTTAAATAATAAGCAAATTGTCATTACGTCTGATAAACCAGCTTCACAATTA
ACAAATATTATGCCGCGATTAACAACACGTTTTGAAGCTGGTCTCTCTGTAGACATACAAAT
ACCTGAATTAGAACATAGAATAAGCATTTTAAAGAGAAAAACAGCTACATTAGATGCAAA
CTTAGAGGTAGGAGAGGATATCTTAACCTTTATTGCATCTCAATTTGCAGCAAATATTAGAG
AAATGGAGGGTGCACTCATTCGTTTAATTAGTTATGCACAAACCTTTAATCTAGAAATAAC
AATGGATGTTGTTGAAGAAGCACTTGGTGCTGTCTTAAAAACAAAGAAGAAAACAAATCA
ATTAAACGAAAATAACTACGATAAGATCCAAAGTATCGTTGCAGATTACTTCCAAGTGTCA
TTACCAGACTTAATTGGTAAAAAAAGACATGCTAAATTCACATTACCTAGACATATCGCAA
TGTATCTTATCAAACTCAAATTCAATATACCTTATAAAACGATTGGTTCTTTGTTTAATGAT
AGAGACCACTCTACTGTATTGGCTGCTTGTGAGAAAGTAGAACGCGATATGAGGATGGATT
CGAACTTAAAGTTTGCTGTTGACTCAATTGTCAAAAAAATAGATTCACCATCATTAAAGTG
ATAAATGTTTATAAAAATGATTAAATGTGGTAAAATAAATGGTAGATGAAGCGATTATTGC
TAGTTTCCCACTTTCCCACAGACACTAACAATAACAAAGAAGAAATAATAATTAATAAAAG
GGGTAAAATTCCCTTTAGTGAGGGTTAATGTCGTGACTGGGAAAACCCT

negative control
(DNA encoding
nothing) in
transformation
experiments.
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Appendix C: Electroporation Data

Table C-1: Data for all electroporations performed in this study.

Asterisks (*) denote a set of transformations where samples that did not grow on initial
selection plates but were confirmed to grow in selective media at a later stage, likely owing
to a bad batch of media.

Initial cell Final cell .
Tra Typ Blun conc volum car Sele concentratio concentrati Vol Cap Resit CFL_JIS
nsfo € Transformed tor DNA N rier ctabl o n before on before tag acita stane Tc o
rma gro with diges (ng/ DNA DN N o7 transformati transformat e nce e (m cells
. win added medi 30 N (Oh s) plate
tion ted uL) ) A a on (cells/ ion V) (uF) ms) d)
9 mL) (cells/uL)
diges iﬁ;f %L1
1| owr pPtGE27 &ﬁo 51 6 mus | e | na nla 2x10°6 500 | 25 400 | 06 0
1) E:g 100
diges iﬁ;f %L1
2 WT pPtGE27 &eﬁo 51 6 mus N'?C n/a nla 2x10"6 500 25 400 0.5 0
h) S; 100
?ﬁ;f w1
3 WT n/a (- control) - - - mus N'+FC n/a nla 2x10"6 500 25 400 0.5 0
S‘g(; 100
calf
AHI undi thy
4 S HIS 2000 bp geste 73 6 mus %L1 n/a nla 2x10"6 500 25 400 0.6 0
d (40
ng)
calf
AHI undi thy
5 S HIS 2000 bp geste 73 6 mus ¥ L1 nla nla 2x10"6 500 25 400 0.5 0
d (40
pg)
iﬁ:{f w1
6 Ag' n/a (- control) B . . mus | \To | na nla 2x1076 500 | 25 400 | 05 0
Sg 100
diges SDS::\IS ¥ L1
7 wT PPtGE27 &eﬁo 54 6 A N'T'C Oéz nfa 2x106 500 25 400 | 05 0
h) Sg 100
el I PTE
8 | wr | naCcontrol) | - ; ; N nla 2x10%6 500 | 25 | 400 | 05 0
(40
ug) 100
diges SS‘:’\? %L1
9 | wr pPIGE27 &eﬁo 65 6 Al e | % nla 2x10%6 500 | 25 | 400 | 05 0
1) E:g 100
o | U
10 WT n/a (- control) - - - A N'T'C 052 n/a 2x10"6 500 25 400 0.6 0
@ |
diges st?\‘s %L1
11 WT pPtGE27 (;?I‘KI‘O 51 6 A N'?C 052 nla 2x10"6 500 25 400 0.5 0
h) E‘go) 100
s;f\‘s w1
12 WT n/a (- control) - - - A N'T'C 0:',’2 nla 2x10"6 500 25 400 0.5 0
Sg 100
%5 | wr PPIGE3L @®mt | 78 6 Al e | % nia 2x10%6 500 | 25 | 400 | 05 0
SDSES %L1
12 | WT | na(-control - - - A M n/a 2x10°6 50 | 25 | 400 | 05| o
NTC 3
Efgo) 100
Xholsite- undi $s5 g | o2
13 WT fcpD.Promote geste 101 6 DN + 5 n/a 2x10"6 500 25 400 0.6 0
r-nat- d A
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fcpA.Termina (40 NTC
tor-Xholsite ug) 100
S558
Y% L1
DN
14 | wr | maGcontrol) | - : Al e 052 nla 2x10%6 500 | 25 | 400 | 06
“0 | Yoo
1g)
S558
AHI undi DN 0.2
15 HIS 2000 bp geste 73 A %L1 ; n/a 2x10"6 500 25 400 0.6
S 8
d (40
ng)
$558
AHI DN 0.2
16 S n/a (- control) - - A %L1 8 n/a 2x10"6 500 25 400 0.6
(40
ug)
Xholsite- SSSS
fcpD.Promote undi DN %J‘l
17 WT r-nat- geste 132 A NTC 0.3 n/a 2x10"6 500 25 400 0.6
fcpA.Termina d (40 100
tor-Xholsite ug)
e 1/2+L1
18 WT n/a (- control) - - A NTC 0.3 n/a 2x10"6 500 25 400 0.6
(40 100
ug)
Xholsite- 555
fcpD.Promote undi DN 1/2+L1 0.2
19 wWT r-nat- geste 7 A NTC 6 n/a 2x10"6 500 25 400 0.6
fcpA.Termina d (40 100
tor-Xholsite ug)
Xholsite- 558
fcpD.Promote undi DN 1/2+L1 0.2 28
20 WT r-nat- geste 7 A - n/a 2x10"6 500 50 400 :
. NTC 6 5
fcpA Termina d (40 100
tor-Xholsite ng)
Xholsite- 585
fcpD.Promote undi DN 1/2+L1 0.2 12
21 WT r-nat- geste 7 A - nla 2x10"6 500 50 150 .
. NTC 6 2
fcpA.Termina d (40 100
tor-Xholsite ug)
Xholsite- 355
fcpD.Promote undi DN 1/2+L1 0.2
22 WT r-nat- geste 7 A NTC 6 nla 2x10"6 500 25 400 0.6
fcpA.Termina d (40 100
tor-Xholsite ug)
Xholsite- B
fcpD.Promote undi DN ]/Zl‘l 0.2 29
23 WT r-nat- geste 7 A NTC 6 nla 2x10"6 500 50 400 9 .
fcpA.Termina d (40 100
tor-Xholsite ug)
Xholsite- 558
fcpD.Promote undi DN Vzl‘l 0.2 12
24 WT r-nat- geste 7 A NTC 6 nl/a 2x10"6 500 50 150 2 :
fcpA.Termina d (40 100
tor-Xholsite ug)
Xholsite- ssss |
fcpD.Promote undi DN /2+L1 0.2
25 WT r-nat- geste 7 A NTC 6 n/a 2x10"6 500 25 400 0.6
fcpA.Termina (40 100
tor-Xholsite ug)
Xholsite- ssss |
fcpD.Promote undi DN /2:‘1 0.2 25
26 WT r-nat- geste 7 A NTC 6 n/a 2x10"6 500 50 400 3 :
fcpA.Termina d (40 100
tor-Xholsite ug)
Xholsite- ssss |
fcpD.Promote undi DN /2+L1 0.2 12
27 WT r-nat- geste 7 A NTC 6 n/a 2x10"6 500 50 150 2 :
fcpA Termina d (40 100
tor-Xholsite ug)
diges st?\‘s Y L1
ted + 0.2 "
28 WT pPtGE27 (xho 125 (4A0 NTC 5 n/a 2x10"6 500 25 400 0.7
1) 100
ug)
diges st?\‘s %L1
29 WT PtGE27 ted 125 A * 0.2 n/a 2x10"6 500 50 400 2.
P (Xho @ | NTC | 8 7
1) 100
1g)
diges sts,,\? Y2 L1
0 | wr PIGE27 ted |5 A t |02 nia 0% | s00 | so | 1s0 |
P (Xho @ | NTC | 6 9
1) 100
1)
diges 558
ted on | PE L,
31 wWT pPtGE31 (Bmt 110 A NTC 6 nla 2x10"6 500 25 400 0.6
- (40
100
HF) pg)
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diges ssss |
ted ov | E G, 2
32 WT pPtGE31 (Bmt 110 A NTC 6 n/a 2x10"6 500 50 400 3 ’
- (40
100
HF) ug)
85| 4y q
PN ] o2 30.
33 WT n/a (- control) - - A NTC 6 n/a 2x10"6 500 50 400 5
(40 100
ug)
Xholsite- 855
fcpD.Promote undi DN 1/2+L1 0.2
34 WT r-nat- geste 7 A NTC 6 n/a 2x10"6 501 25 400 0.5
fcpA Termina d (40 150
tor-Xholsite ug)
Xholsite- 58S
fcpD.Promote undi DN 1/2+L1 0.2
35 WT r-nat- geste 7 A NTC 6 nla 2x10"6 500 50 400 0.7
fcpA Termina d (40 150
tor-Xholsite ug)
il IR
36 WT n/a (- control) - - A N'T'C 062 n/a 2x10"6 501 25 400 0.3
T
ug)
S558
AHI undi DN " +L1 0.2
37 HIS 2000 bp geste 110 A o nla 2x10"6 501 25 400 0.5
S NTC 9
d (40 150
1g)
S558
AHI undi DN l/2+L1 0.2
38 HIS 2000 bp geste 110 A ) n/a 2x10"6 500 50 400 1
S NTC 9
d 40 1 150
ug)
el RN
AHI + 0.2
39 S n/a (- control) - - A NTC 9 n/a 2x10"6 501 25 400 0.7
(40
150
jg)
ssss |
AU undi DN /2+L1 0.2
40 RA URA 2000 bp geste 110 A NTC 9 n/a 2x10"6 501 25 400 0.4
d (40 150
ug)
s558
AU undi DN % +L1 0.2
41 URA 2000 bp geste 110 A o n/a 2x10"6 500 50 400 0.9
RA NTC 9
(40 150
j1g)
ssss | g
a2 | AV | trol N x| o2 / 2x1076 501 | 25 | 400 | 04
RA a (- control) - - NTC 9 n/a X! .
(40 150
j1g)
. 8.3
Xholsite- 888
fcpD.Promote undi DN ]/21‘1 0.2 (mlg
43 WT r-nat- geste 129 A NTC 1 nl/a 2x10"6 486 100 100 ro
fcpA.Termina d (40 p
" 150 toc
tor-Xholsite ug)
ol)
16.
Xholsite- ssss | 1
fcpD.Promote undi DN /2+L1 0.2 (20
44 WT r-nat- geste 129 A NTC 1 n/a 2x10"6 490 100 200 ms
fcpA.Termina (40 150 pro
tor-Xholsite ug) toc
ol)
29.
Xholsite- 855 N 4
fcpD.Promote undi DN /2+L1 0.2 (30
45 WT r-nat- geste 129 A NTC 1 n/a 2x10"6 495 150 200 ms
fcpA.Termina (40 150 pro
tor-Xholsite ug) toc
ol)
8.3
SSES %L1 o
46 | WT | nla(-control) - - A N$C 0'12 nfa 2x10%6 486 | 100 100 g;;
(4(; 150 toc
Hg ol)
8.3
) Sy (10
AU undi DN + 0.2 ms
47 URA 2000 bp geste 177 A . nla 2x10"6 486 100 100
RA d 40 NTC 1 pro
( ) 150 toc
g o)
S558 20.
AU undi on | PE L, 2
48 RA URA 2000 bp geste 177 A NT ] n/a 2x10"6 492 125 200 (20
C 1
d (40 150 ms
ug) pro
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toc
ol)
29.
558 53
AU undi on | PF L, om
49 URA 2000 bp geste 177 6 A X nla 2x10"6 492 150 200 S 0
RA d @0 NTC 1 pro
ng) 10 toc
ol)
858 8.3
on | %LL (10
50 | &Y | macontrol) | - - - A | S| 02 nia 2006 | 487 | 100 | 100 | ™ | o
RA 20 NTC 1 pro
60| 150 toc
ug ol)
. Xholsite- § 58S 111
cpD.Promote undi DN
51 WT r-nat- geste 129 6 A N'T'C 0.3 n/a 2x10"6 500 50 150 0.6 0
fcpA Termina d (40 150
tor-Xholsite ug)
Xholsite- 858 N
" Yo L1
fcpD.Promote undi DN
52 WT r-nat- geste 129 6 A N'?C 0.3 nla 2x10"6 500 50 150 0.5 0
fcpA.Termina d (40 150
tor-Xholsite ug)
855
DN j/z+Ll
53 WT n/a (- control) - - - A 0.3 nla 2x10"6 500 50 150 0.8 0
w | Ny
1g)
Xholsite- " 555
diges %L1
fcpD.Promote ted DN + 0.2 2. 1000
54 WT r-nat- (Xho 220 6 A NTC 9 n/a 2x10"6 500 50 400 5 .
fcpA.Termina h) (40 200
tor-Xholsite ug)
Xholsite- 888
" Y% L1
fcpD.Promote | undi DN + 0.2 22. 1000
55 WT r-nat- geste 220 6 A NTC 9 n/a 2x10"6 500 50 400 9 v
fcpA.Termina d (40 200
tor-Xholsite ug)
Xholsite- : 58S
diges ¥ L1
fcpD.Promote DN
56 WT r-nat- ted 220 6 A * 02 n/a 2x10"6 500 50 150 10. 657
. (Xho NTC 9 9
fcpA.Termina ) (40 200
tor-Xholsite ug)
Xholsite- 855 B
. Yo L1
fcpD.Promote undi DN
57 WT r-nat- geste 220 6 A N‘T’C 052 n/a 2x10"6 500 50 150 1:' 84
fcpA.Termina (40 200
tor-Xholsite ug)
Xholsite- . 558
diges %L1
fcpD.Promote DN
58 WT r-nat- ted 220 6 A * 02 n/a 2x10"6 486 75 150 1. 84
. (Xho NTC 9 4
fcpA Termina ) (40 200
tor-Xholsite ug)
Xholsite- ssss |
" Yo L1
fcpD.Promote undi DN
59 WT r-nat- geste 220 6 A N'+FC 052 n/a 2x10"6 486 75 150 1}' 122
fcpA Termina d (40 200
tor-Xholsite ng)
Xholsite- . 355
diges %L1
fcpD.Promote DN
60 WT r-nat- ted 220 15 A * 0.2 n/a 2x10"6 500 50 150 10. 389
f . (Xho NTC 9 6
cpA.Termina h) (40 200
tor-Xholsite ug)
Xholsite- 855
" Y% L1
fcpD.Promote undi DN
61 | wr r-nat- geste | 220 15 Al e | % nla 2x10% s0 | 50 | 150 | | 2u4
fcpA.Termina d (40 200
tor-Xholsite ug)
Xholsite- . 558
diges %L1
fcpD.Promote DN
62 WT r-nat- ted 220 15 A * 0.2 n/a 2x10"6 487 75 150 71 67
. (Xho NTC 9
fcpA.Termina h) (40 200
tor-Xholsite ug)
855
Y% L1
DN % | o2 11.
63 WT n/a (- control) - - - A NTC 9 n/a 2x10"6 500 50 150 9 3
“0 1 500
jg)
Xholsite- . 855
diges ¥ L1
fcpD.Promote ted DN + 0.0 N 25,
64 WT r-nat- 140 6 A n/a 2x10"6 500 50 400 0
. (Xho NTC 8 4
fcpA.Termina ) (40 200
tor-Xholsite ug)
Xholsite- . S5
diges %L1
fcpD.Promote ted DN + 0.0 25,
65 WT r-nat- 140 6 A n/a 2x10"6 500 50 400 0
. (Xho NTC 8 4
fcpA.Termina ) (40 200
tor-Xholsite ug)
Xholsite- diges 555 Yo L1 0.0 "
66 WT fcpD.Promote ted 140 6 DN + 3 n/a 2x10"6 500 50 150 12 0
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r-nat- (Xho A NTC
fcpA Termina 1) (40 200
tor-Xholsite ug)
Xholsite- . ssss |,
fcpD.Promote dtlggs DN /2+L1 0.0
67 WT r-nat- (Xho 140 A NTC 8 n/a 2x10"6 500 50 150 12 0
fcpA.Termina h) (40 200
tor-Xholsite ng)
o | %L
68 | WT | ma(control) | - - Al el % nfa a0 | so0 | so | 1s0 | 2o
S‘g(; 200
Xholsite- 5555
1,
i T ov | 16
69 wWT geste 140 A ; n/a 2x10"6 500 50 400 : lawn
nat- ) NTC 9 1
fcpA.Termina 200
tor-Xholsite He)
Xholsite- sss8
Toaton | DN | g 16
70 WT geste 235 A o nla 2x10"6 500 50 400 : 55
nat- d (40 NTC 9 7
fcpA.Termina 200
tor-Xholsite He)
Xholsite-
fcpD.Promote diges ;Sf\‘s %L1
r-cat-T2A- ted + 0.1 16.
71 WT nat- (Xho 194 (4A0 NTC 9 nla 2x10"6 500 50 400 8 3
fcpA.Termina 1) 200
tor-Xholsite ke
Xholsite- ss55
fcpD.Promote diges DN ¥ L1
r-cat-T2A- ted + 0.1 " 15.
72 WT nat- (xho 15 (4A0 NTC 9 n/a 2x10"6 500 50 400 9 lawn
fcpA.Termina 1) ) 200
tor-Xholsite ke
Xholsite- . 355
fcpD.Promote dtlggs DN 1/2+L1 01 14
73 WT r-nat- (Xho 26 A NTC 9 nla 2x10"6 500 50 400 7 ’ lawn
fcpA.Termina h) (40 200
tor-Xholsite ug)
ol IR
74 | WT | naGcontrol) | - : Al re Oél nla 2x10% 500 | 50 | 400 185‘ lawn
E:S 200
Xholsite-
fcpD.Promote undi st?\‘s %L1
75 | WT FeT2A | este | 362 A * 01 nfa 2x10%6 500 | 50 a0 | ¥ 1
nat- (40 NTC 9 1
fcpA.Termina 200
tor-Xholsite He)
Xholsite- 5555
1,
ot | N e 9 17
76 WT geste 362 A o n/a 2x10"6 500 50 400 : 49
nat- d ) NTC 9 7
fcpA.Termina 200
tor-Xholsite He)
Xholsite- ss55
1,
el o [ B,
7 WT geste 362 A o n/a 2x10"6 500 50 400 18 37
nat- d (40 NTC 9
fcpA.Termina 200
tor-Xholsite He)
Xholsite- ss55
fcpD.Promote diges DN %L1
r-cat-T2A- ted + 0.1 A 18.
78 WT nat- (Xho 72 (4A0 NTC 9 n/a 2x10"6 500 50 400 1 11
fcpA.Termina 1) 200
tor-Xholsite He)
Xholsite- ss55
fcpD.Promote diges DN %L1
r-cat-T2A- ted + 0.1 " 18.
79 WT nat- (Xho 72 (4A0 NTC 9 n/a 2x10"6 500 50 400 4 10
fcpA.Termina 1) 200
tor-Xholsite He)
Xholsite-
fcpD.Promote diges Esf\ls ¥ L1
r-cat-T2A- ted + 0.1 15.
80 WT nat- (Xho 72 (4A0 NTC 9 n/a 2x10"6 500 50 400 3 5
fcpA.Termina 1) 200
tor-Xholsite He)
S558
2kbppAL | undi Y o1
81 WT backbone (- geste 15 A NTC 9 n/a 2x10"6 500 50 400 18 0
control) d (40
ug) 200
Xholsite- undi sss5 %L1
g2 | wr | fBDPOMOe | geste | 152 N R nia 2x10% s0 | 50 | 400 | | o
nat- d A | 200
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fcpD.Termina (40
tor-Xholsite ug)
Xholsite- sss8
et Toa | undi ov | E g, 20
83 WT geste 362 A ' nla 2x10"6 500 50 400 : 0
nat- (40 NTC 7 4
fcpA.Termina 200
tor-Xholsite He)
Xholsite- ss55
Truncated.fcp undi DN ¥ L1
g4 | wr | DPromoter- | pege | 139 A |02 nla 2x10%6 50 | so | 400 | 1% 0
nat- d (40 NTC 7 6
fcpA.Termina 200
tor-Xholsite He)
S558
2kbppAL | undi on | PE L, 1
85 WT backbone (- geste 232 A NTC 7 n/a 2x10"6 500 50 400 4' 0
control) d (40
pg) 200
Xholsite- sss8
fcpD.Promote diges DN ¥ L1
r-shBle-T2A- ted + 0.2 17.
86 WT nat- (Xho 52 (4A0 NTC 7 nla 2x10"6 500 50 400 6 0
fcpD.Termina 1) 200
tor-Xholsite He)
Xholsite-
fcpD.Promote diges ;Sf\‘s %L1
r-cat-T2A- ted + 0.2 20.
87 WT nat- (Xho 45 (4A0 NTC 7 nla 2x10"6 500 50 400 2 0
fcpA.Termina 1) 200
tor-Xholsite He)
Xholsite- ss55
Truncated.fcp diges DN ¥ L1
D.Promoter- ted + 0.2 " 19.
88 WT nat- (xho 30 (4A0 NTC 7 n/a 2x10"6 500 50 400 8 0
fcpA.Termina 1) ) 200
tor-Xholsite ke
S558
DN j/2+-L:L 0.2 20
89 WT - - - A NTC 7 nla 2x10"6 500 50 400 6 ’ 0
S‘E‘; 200
Xholsite-
fcpD.Promote undi ng\ls %L1
o0 | wr | TSBIET2A 1 pege | 151 A |02 nla 2x10"6 50 | s0 | 400 | 2 | 25
nat- d (0 NTC 8 8
fcpD.Termina 200
tor-Xholsite He)
Xholsite- ss55
fcpD.Promote undi DN %L1
o1 | wr | TSMBIET2A 1 pege | 151 A o]0 nla 2x1076 50 | s0 | 400 | 2| 28
nat- d (40 NTC 8 1
fcpD.Termina ) 200
tor-Xholsite ke
Xholsite- ss55
e ToA, | undi ov | E g, 22
92 WT geste 151 A ; n/a 2x10"6 500 50 400 ’ 18
nat- d (40 NTC 8 2
fcpD.Termina 200
tor-Xholsite He)
Xholsite- sss5
fcpD.Promote diges DN ¥ L1
r-shBle-T2A- ted + 0.2 A 25.
93 WT nat- (Xho 40 (4A0 NTC 8 n/a 2x10"6 500 50 400 > 5
fcpD.Termina 1) 200
tor-Xholsite He)
Xholsite- ssss
fcpD.Promote diges DN ¥ L1
r-shBle-T2A- ted + 0.2 " 22.
94 WT nat- (xho 40 (4A0 NTC 8 n/a 2x10"6 500 50 400 3 6
fcpD.Termina 1) 200
tor-Xholsite ke
S558
2kbppAL | undi oN | % 02 ”
95 WT backbone (- geste 73 A NTC 8 n/a 2x10"6 500 50 400 6. 0
control) d (40
ug) 200
Xholsite- 355
fcpD.Promote undi DN 1/2+L1 0.2 15
96 WT r-nat- geste 437 A NTC 2 nla 1.35x10"6 500 50 400 2 ’ 2
fcpA.Termina d (40 200
tor-Xholsite ug)
Xholsite-
fcpD.Promote undi SI’DS‘:'\T %L1
o7 | wr | TAET2A 1 ege | o8 A M I nia 1.35x10% | 500 | 50 a0 | & 38
nat- d ) NTC 2 4
fcpA.Termina 200
tor-Xholsite He)
Xholsite- undi sss5 %L1
fcpD.Promote + 0.2 14.
98 WT r-shBle-T2A- gejte 213 [2\1 NTC 2 n/a 1.35x10"6 500 50 400 5 120
nat- 200




97

fcpD.Termina (40
tor-Xholsite ug)
855
2kbppAL | undi on | PE L, 15
99 WT backbone (- geste 230 A NT ; n/a 1.35x10"6 500 50 400 ’ 0
C 2 6
control) d (40
200
1g)
%L1
Xholsite- +
S8 790
obleoa. | wndi BN 'ﬁ&f 03 21 | (NIC
A
100 WT geste 453 A n/a 2x10"6 500 50 400 ), 47
nat- ¥ L1 5 9
§ . d (40 (ZEO
cpD.Termina +
tor-Xholsite we) | zEo )
100
%L1
fc;(g.(;lfé:ﬁ;te di st?\]s N'T'C Eﬁl’sc
r-shBle-T2A- | undi 200, | 03 2 | ¢
101 WT geste 453 A nla 2x10"6 500 50 400 ), 20
nat- %L1 5 1
) d (40 (zEO
fcpD.Termina ) + )
tor-Xholsite H) 1 zeo
100
Y% L1
fc;(l;].[;:rs(;;%te undi SSES N'T'C (l?l(‘)l'ec
r-shBle-T2A- 200, 03
102 WT geste 453 A N n/a 2x10"6 500 50 400 22 ), 18
nat- d (40 %L1 5 (zEO
fcpD.Termina + )
tor-Xholsite He) ZEO
100
%L1
+
. | NTC 0
2 kbp pAL undi DN 200, 03 23 (NTC
103 WT backbone (- geste 453 A Iy Li 5 nla 2x10"6 500 50 400 9' ), 0
control) d (40 i (ZEO
R e )
100
¥ L1
fepDpromote | s |t 1222
r-shBle-T2A- 200, 0.2 24. (
104 WT geste 400 A nla 2x10"6 500 50 400 ), 195
nat- %L1 9 1
) d (40 (ZEO
fcpD.Termina + )
tor-Xholsite o) | zeo
25
Y% L1
Xholsite- +
fcpD.Promote undi st?\‘s NTC (Kﬁ_zc
r-shBle-T2A- 200, 0.2 217.
105 WT geste 400 A n/a 2x10"6 500 50 400 ), 107
nat- Y L1 9 1
f . d (40 (ZEO
cpD.Termina ) + )
tor-Xholsite He ZEO
25
%L1
Xholsite- ss55 + 0
fcpD.Promote " NTC
r-shBle-T2A. | Undi PN 1 200, | 02 N (NTC
106 WT nat- geste 400 A Y1 9 n/a 2x10"6 500 50 400 n/a ), 0
fcpD.Termina d (4(; + (Z;EO
tor-Xholsite e ZEO
25
Y% L1
+
_ 858 NTC 0
2 kbp pAL undi DN 200 0.2 25 (NTC
107 WT backbone (- geste 230 A 4, Li 9 nla 2x10"6 500 50 400 6. ), 0
control) d (40 2+ (ZEO
1) | zEo )
25
¥ L1
WT Xholsite- +
855 0
e | et | o | 305 | s e
108 P geste 400 A : - n/a 2x10"6 500 50 400 8.8 ), 0
i nat- 4 (0 %L1 5 (ZEo
m- fcpD.Termina + )
80) tor-Xholsite ue) ZEO
25
Xholsite- 1/2+L1
Scelsite- 855 NTC 547
fcpD.Promote undi DN 200 21 (NTC
109 WT r-shBle-T2A- geste 289 A L1 n/a 4.88x10"6 2x10"6 500 50 400 : ), 82
2 L1 2
nat- d (40 + (ZEO
fcpD.Termina ug) )
. ZEO
tor-Xholsite
50
Xholsite- 855 %L1 614
Scelsite- undi DN + 2 (NTC
110 WT fcpD.Promote | geste 289 A NTC | nla 4.88x10"6 2x10"6 500 50 400 3' ), 93
r-shBle-T2A- d (40 | 200, (zEO
nat- ug) %L1 )
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fcpD.Termina

tor-Xholsite ZEO
50
Xholsite- 1/2:‘1
Scelsite- 855 NTC 479
fcpD.Promote undi DN 200 23 (NTC
111 WT r-shBle-T2A- geste 289 A Y, : n/a 4.88x10"6 2x10"6 500 50 400 ’ ), 53
2 L1 7
nat- d (40 + (ZEO
fcpD.Termina ug) ZEO )
tor-Xholsite 50
Y% L1
558 N‘T’C 0
2 kbp pAL undi DN 200 2 (NTC
112 WT backbone (- geste 289 A 4, Li n/a 4.88x10"6 2x10"6 500 50 400 9' ),0
control) d (40 5 + (ZEO
L )
50
Xholsite- 1/2+L1
Scelsite- 855 NTC 218
fcpD.Promote undi DN 200, (NTC
113 WT r-shBle-T2A- geste 160 A 111 n/a 4.2x10"6 2x10"6 500 50 400 25 ), 73
nat- (40 + (ZEO
fcpD.Termina ug) ZEO )
tor-Xholsite 25
%L1
B N‘T’C 0
2 kbp pAL undi DN 200 23 (NTC
114 WT backbone (- geste 160 A Iy Li nla 4.2x10"6 2x10"6 500 50 400 2' ),0
control) d (40 i (ZEO
1) | zgo )
25
Xholsite- 1/2+L1
Scelsite- 558 NTC 95
fcpD.Promote undi DN 200, 23 (NTC
115 WT r-shBle-T2A- geste 160 A ; n/a 4x10"6 2x10"6 500 50 400 : ), 12
%L1 3
nat- (40 + (ZEO
fcpD.Termina ug) ZEO )
tor-Xholsite 25
%L1
$SSS N'T'C 0
2 kbp pAL undi DN 200, (NTC
116 WT backbone (- geste 160 A 4, Li nla 4x10"6 2x10"6 500 50 400 24 ), 0
control) (40 i (ZEO
R e )
25
Xholsite- %l‘l
Scelsite- 355 NTC 56
fcpD.Promote undi DN 200 (NTC
117 WT r-shBle-T2A- geste 160 A 1, Li nla 5.17x10"6 2x10"6 500 50 400 24 ), 14
nat- d (40 + (ZEO
fcpD.Termina ug) ZEO )
tor-Xholsite 25
Y% L1
58S N'T'C 0
2 kbp pAL undi DN 200 23 (NTC
118 WT backbone (- geste 160 A 4, : nla 5.17x10"6 2x10"6 500 50 400 : ),0
2 L1 5
control) (40 + (ZEO
19 | 7o )
25
Xholsite- 1/2+L1
Scelsite- 855 NTC 53
fcpD.Promote undi DN 200 23 (NTC
119 WT r-shBle-T2A- geste 160 A Iy Li n/a 5x10"6 2x10"6 500 50 400 2' )7
nat- d (40 s (ZEO
fepD. Termina ue) | zeg )
tor-Xholsite 25
Y% L1
5SS N‘T’C 0
2 kbp pAL undi DN 200 2 (NTC
120 WT backbone (- geste 160 A 4, Li nla 5x10"6 2x10"6 500 50 400 6. ), 0
control) d (40 2+ (ZEO
R e )
25
Xholsite- 1/2+L1
Scelsite- 855 NTC 52
fcpD.Promote undi DN 200 25 (NTC
121 WT r-shBle-T2A- geste 160 A Iy L‘l n/a 5.39X10"6 2x10"6 500 50 400 8' ), 16
nat- @ | (zEO
fepD. Termina ue) | zgo )
tor-Xholsite

25
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Y% L1
_ 555 N'T'C 0
2 kbp pAL undi DN 200, 2 (NTC
122 WT backbone (- geste 160 A 1, Li n/a 5.39X10"6 2x10"6 500 50 400 1' ),0
control) (40 + (ZEO
1) | 20 )
25
Xholsite- 1/2+L1
Scelsite- 855 NTC 141
fcpD.Promote undi DN 200, 25 (NTC
123 WT r-shBle-T2A- geste 160 A 1, Li n/a 5.21X10"6 2x10"6 500 50 400 6' ), 13
nat- d (40 + (ZEO
fcpD.Termina ug) ZEO )
tor-Xholsite 25
¥ L1
_ 858 N‘T’C 0
2 kbp pAL undi DN 200 2 (NTC
124 WT backbone (- geste 160 A 1, Li n/a 5.21X10"6 2x10"6 500 50 400 4' ), 0
control) d (40 + (ZEO
1) | zEo )
25
WT Xholsite- 1/2+L1
(tha Scelsite- S5 NTC 0
wed fcpD.Promote undi DN 200 03 13 (NTC
125 fro r-shBle-T2A- geste 230 A 111 5 n/a 2x10"6 500 50 400 2> ), 0
m- nat- (40 + (ZEO
80° fcpD.Termina ug) ZEO )
C) tor-Xholsite 25
pDMI2 with
HASP1 ssss |,
promoter, circu DN % +L1 16
126 WT signal peptide, lar 147 A NTC n/a 2.43x10"7 2x10"6 500 50 400 5' 9
gene (w/ (40 100
introns) and ug)
terminator
pDMI2 with
HASP1 855
promoter, circu DN 1/2+L1 17
127 wWT signal peptide, lar 152 A NTC n/a 2.43x10"7 2x10"6 500 50 400 6. 1
gene (w/ (40 100
introns) and ug)
terminator
pDMI2 with
HASP1 SSSS
promoter, circu DN 1/2:‘1 17
128 WT | signal peptide, lar 168 A NTC n/a 2.43x10M7 2x10"6 500 50 400 7' 12
gene (cDNA) (40 100
and ug)
terminator
pDMI2 with
HASP1 $SSS
promoter, circu DN ]/21‘1 15
129 WT | signal peptide, ar 201 A NTC n/a 2.43x10"7 2x10"6 500 50 400 8' 3
gene (cDNA) (40 100
and ng)
terminator
Xholsite-
Scelsite-loxP- 355
fcpD.Promote undi DN %l‘l 20
130 WT r-nat- geste 180 A NTC nla 2.43x10"7 2x10"6 500 50 400 1 : 214
fcpA.Termina d (40 100
tor-loxP- ug)
Xholsite
855
DN j/z+L1 2
131 WT n/a (- control) - - A NTC nla 2.43x10"7 2x10"6 500 50 400 2' 5
40 1 100
ug)
Xholsite-
loxP- ssss
fcpD.Promote " ¥ L1
r-shBle- undi N + 21.
132 WT f . geste 180 A n/a 2.43x10"7 2x10"6 500 50 400 16
cpA.Termina ZEO 8
(40
tor-loxP- 25
Scelsite- He)
Xholsite
58S
DN 1/2+L1 2
133 WT n/a (- control) - - A ZEO n/a 2.43x10"7 2x10"6 500 50 400 2' 0
@0 | g
ug)
Xholsite- %11
Scelsite- 555 +
fcpD.Promote undi DN NTC 2
134 WT r-shBle-T2A- geste 112 A 200, n/a 4.26x10"6 2x10"6 500 50 400 7 : 0*
nat- d (40 1, Li
fepD. Termina ng) +

tor-Xholsite
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ZEO
25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 21
135 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 : 0*
¥ L1 7
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- %l‘l
Scelsite- 855 NTC
fcpD.Promote undi DN 200, 21
136 wWT r-shBle-T2A- geste 112 A 4, Li nla 4.26x10"6 2x10"6 500 50 400 5' 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZESO
1,
Xholsite- /2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200
137 WT r-shBle-T2A- geste 112 A " Li n/a 4.26x10"6 2x1076 500 50 400 23 0*
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- %J‘l
Scelsite- 555 NTC
fcpD.Promote undi DN 200
138 WT r-shBle-T2A- geste 112 A 1, Li n/a 4.26x10"6 2x10"6 500 50 400 21 0*
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZESO
Xholsite- ]/21‘1
Scelsite- 585 NTC
fcpD.Promote undi DN 200 2
139 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 3' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200, 2
140 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
Y% L1 5
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 355 NTC
fcpD.Promote undi DN 200 21
141 WT r-shBle-T2A- geste 112 A Y, Li n/a 4.26x10"6 2x10"6 500 50 400 5‘ 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZESO
Xholsite- %l‘l
Scelsite- 58S NTC
fcpD.Promote undi DN 200
142 WT r-shBle-T2A- geste 112 A 1 Li n/a 4.26x10"6 2x10"6 500 50 400 22 0*
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 5
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200, 2
143 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 9 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2
144 WT r-shBle-T2A- geste 112 A B | M 4.26x10"6 2x10"6 500 50 400 9 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZESO
Xholsite- %l‘l
Scelsite- 558 NTC
fcpD.Promote undi DN 200, 21
145 WT r-shBle-T2A- geste 112 A Y Li n/a 4.26x10"6 2x10"6 500 50 400 7' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
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Xholsite- %Ll
Scelsite- 555 NTC
fcpD.Promote undi DN 200,
146 WT r-shBle-T2A- geste 112 A 1, Li n/a 4.26x10"6 2x10"6 500 50 400 24 0*
nat- (40
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 21
147 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
Y% L1 7
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZESO
Xholsite- 1/2+L1
Scelsite- 58S NTC
fcpD.Promote undi DN 200
148 WT r-shBle-T2A- geste 112 A 1 Li n/a 4.26x10"6 2x10"6 500 50 400 24 0*
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 555 NTC
fcpD.Promote undi DN 200 21
149 WT r-shBle-T2A- geste 112 (A Ll n/a 4.26x10"6 2x10"6 500 50 400 1 0*
nat- 40
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200
150 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 24 0*
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZESO
Xholsite- ]/21‘1
Scelsite- 585 NTC
fcpD.Promote undi DN 200 2
151 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 2' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2
152 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
nat- (40 K +L1 3
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2:‘1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2
153 WT r-shBle-T2A- geste 112 A %11 n/a 4.26x10"6 2x10"6 500 50 400 7 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- %l‘l
Scelsite- 858 NTC
fcpD.Promote undi DN 200 23
154 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 4' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200, 2
155 WT r-shBle-T2A- geste 112 A Iy : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
2 L1 5
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2:‘1
Scelsite- 855 NTC
fcpD.Promote undi DN 200
156 WT r-shBle-T2A- geste 112 A 1, Li n/a 4.26x10"6 2x10"6 500 50 400 23 0*
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZEsO
Xholsite- " %L1
Scelsite- undi hieet + N N 22. "
157 wWT fcpD.Promote gejte 112 [LN NTC nla 4.26x10"6 2x10"6 500 50 400 2 0
r-shBle-T2A- 200,
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nat- (40 %L1
fcpD.Termina ng) +
tor-Xholsite ZEO
25
Xholsite- %l‘l
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2
158 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 9 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZE5O
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2
159 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 9' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 555 NTC
fcpD.Promote undi DN 200 2
160 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
Y% L1 3
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZESO
Xholsite- %l‘l
Scelsite- 858 NTC
fcpD.Promote undi DN 200 2
161 WT r-shBle-T2A- geste 112 A v, Li n/a 4.26x10"6 2x10"6 500 50 400 3' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
1,
Xholsite- /2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2
162 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
Y% L1 9
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 23
163 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 6 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- %l‘l
Scelsite- 58S NTC
fcpD.Promote undi DN 200, 2
164 WT r-shBle-T2A- geste 112 A v, Li n/a 4.26x10"6 2x10"6 500 50 400 4' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
1,
Xholsite- /2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200,
165 WT r-shBle-T2A- geste 112 A " Li n/a 4.26x10"6 2x10"6 500 50 400 23 0*
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2:‘1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 23
166 WT r-shBle-T2A- geste 112 A 4, Li n/a 4.26x10"6 2x10"6 500 50 400 5‘ 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZESO
Xholsite- %l‘l
Scelsite- 558 NTC
fcpD.Promote undi DN 200 24
167 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 8. 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 o
168 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 g 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZESO
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Xholsite- %Ll
Scelsite- 555 NTC
fcpD.Promote undi DN 200, 24
169 WT r-shBle-T2A- geste 112 A 1A n/a 4.26x10"6 2x10"6 500 50 400 ' 0*
nat- (40 % +L1 8
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200
170 WT r-shBle-T2A- geste 112 A 1, Li n/a 4.26x10"6 2x10"6 500 50 400 24 0*
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZESO
Xholsite- 1/2+L1
Scelsite- 58S NTC
fcpD.Promote undi DN 200 2
171 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 2' 0*
nat- d (40 5 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 555 NTC
fcpD.Promote undi DN 200 24
172 WT r-shBle-T2A- geste 112 (A Ll n/a 4.26x10"6 2x10"6 500 50 400 1 0*
nat- 40
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 19
173 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 3 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZESO
Xholsite- ]/21‘1
Scelsite- 585 NTC
fcpD.Promote undi DN 200 2
174 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 4' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 24
175 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
nat- (40 K +L1 8
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2:‘1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 20
176 WT r-shBle-T2A- geste 112 A %11 n/a 4.26x10"6 2x10"6 500 50 400 4 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- %l‘l
Scelsite- 858 NTC
fcpD.Promote undi DN 200 21
177 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 3' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200, 2
178 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
Y% L1 5
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2:‘1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 23
179 WT r-shBle-T2A- geste 112 A Y, Li n/a 4.26x10"6 2x10"6 500 50 400 8‘ 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZEsO
Xholsite- " %L1
Scelsite- undi hieet + N N 21. "
180 WT fepD.Promote gejte 112 [LN NTC n/a 4.26x10"6 2x10"6 500 50 400 5 0
r-shBle-T2A- 200,
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nat- (40 %L1
fcpD.Termina ng) +
tor-Xholsite ZEO
25
Xholsite- %l‘l
Scelsite- 855 NTC
fcpD.Promote undi DN 200
181 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 23 0*
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZE5O
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 23
182 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 8l 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 555 NTC
fcpD.Promote undi DN 200
183 WT r-shBle-T2A- geste 112 A 1, Li n/a 4.26x10"6 2x10"6 500 50 400 25 0*
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZESO
Xholsite- %l‘l
Scelsite- 858 NTC
fcpD.Promote undi DN 200 23
184 WT r-shBle-T2A- geste 112 A v, Li n/a 4.26x10"6 2x10"6 500 50 400 3' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
1,
Xholsite- /2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 23
185 WT r-shBle-T2A- geste 112 A 4, : n/a 4.26x10"6 2x10"6 500 50 400 : 0*
2 L1 4
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 o
186 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 4 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- %l‘l
Scelsite- 58S NTC
fcpD.Promote undi DN 200, 23
187 WT r-shBle-T2A- geste 112 A v, Li n/a 4.26x10"6 2x10"6 500 50 400 9' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
1,
Xholsite- /2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200, 23
188 WT r-shBle-T2A- geste 112 A Iy : n/a 4.26x10"6 2x10"6 500 50 400 : 0*
2 L1 6
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2:‘1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 o
189 WT r-shBle-T2A- geste 112 A 4, Li n/a 4.26x10"6 2x10"6 500 50 400 2‘ 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZESO
Xholsite- %l‘l
Scelsite- 558 NTC
fcpD.Promote undi DN 200 24
190 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 2' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2%
191 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 5 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZESO
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Xholsite- %Ll
Scelsite- 555 NTC
fcpD.Promote undi DN 200, 2
192 WT r-shBle-T2A- geste 112 A 1, Li n/a 4.26x10"6 2x10"6 500 50 400 3' 0*
nat- (40
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 o
193 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
Y% L1 2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZESO
Xholsite- 1/2+L1
Scelsite- 58S NTC
fcpD.Promote undi DN 200 2
194 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 2' 0*
nat- d (40 5 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 555 NTC
fcpD.Promote undi DN 200 26
195 WT r-shBle-T2A- geste 112 (A Ll n/a 4.26x10"6 2x10"6 500 50 400 6 0*
nat- 40
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2%
196 WT r-shBle-T2A- geste 112 A il n/a 4.26x10"6 2x10"6 500 50 400 2 0*
2
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZESO
Xholsite- ]/21‘1
Scelsite- 585 NTC
fcpD.Promote undi DN 200 21
197 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 7' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 24
198 WT r-shBle-T2A- geste 112 A : n/a 4.26x10"6 2x10"6 500 50 400 ’ 0*
nat- (40 K +L1 5
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2:‘1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 23
199 WT r-shBle-T2A- geste 112 A %11 n/a 4.26x10"6 2x10"6 500 50 400 6 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- %l‘l
Scelsite- 858 NTC
fcpD.Promote undi DN 200 23
200 WT r-shBle-T2A- geste 112 A Iy Li n/a 4.26x10"6 2x10"6 500 50 400 3' 0*
2
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200,
201 WT r-shBle-T2A- geste 112 A " Li n/a 4.26x10"6 2x10"6 500 50 400 25 0*
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2:‘1
Scelsite- 855 NTC
fcpD.Promote undi DN 200
202 WT r-shBle-T2A- geste 112 A 1, Li n/a 4.26x10"6 2x10"6 500 50 400 24 0*
nat- d (40 +
fcpD.Termina ug)
tor-Xholsite ZZEsO
Xholsite- " %L1
Scelsite- undi hieet + N N 22. "
203 WT fepD.Promote gejte 112 [LN NTC n/a 4.26x10"6 2x10"6 500 50 400 6 0
r-shBle-T2A- 200,
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nat- (40 %L1
fcpD.Termina ng) +
tor-Xholsite ZEO
25
Xholsite- %l‘l
Scelsite- 855 NTC
fcpD.Promote undi DN 200 2
204 WT r-shBle-T2A- geste 112 A ; n/a 4.26x10"6 2x10"6 500 50 400 . 0*
¥ L1 9
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Xholsite- 1/2+L1
Scelsite- 855 NTC
fcpD.Promote undi DN 200 25
205 WT r-shBle-T2A- geste 112 A . n/a 4.26x10"6 2x10"6 500 50 400 : 0*
¥ L1 9
nat- d (40 +
fcpD.Termina ug) ZEO
tor-Xholsite 25
Y2 L1
S558 *
NTC
DN 200, A A 23.
206 WT n/a (- control) - - A 4, nla 4.26x10"6 2x10"6 500 50 400 0
(40 2 L1 2
+
v | 7o
25
ssss |,
circu | 141 v | % 20
207 WT PtMt 14.1.1 ) A nla 2.13x10"7 2x10"6 500 50 400 : 0
lar 6 NTC 4
(40 100
j1g)
ssss |,
ptMt MinV3 circu DN /2+L1 22
208 WT c3.1 lar 448 A NTC n/a 2.13x10"7 2x10"6 500 50 400 5 0
“0 1 100
ng)
s;fj w1
200 | wT pDMI2 clreu 1 676 A * nfa | 2.13x10%7 2x10°6 500 | 50 a0 | % 0
lar NTC 1
“0 1 100
ug)
SDST\‘S w1
210 | WT | nia (- control) . . Al e | e | 213x07 2X10% s00 | 50 | a00 | % 0
40 1 100
ng)
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