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Abstract

A central question in the life sciences is how an observed phenotype is realized by a given
biological system. One explanatory factor is certainly the genotype of such a system which
can easily be characterized due to the development of high-throughput next-generation
sequencing (NGS) technologies. This allows to generate many hypotheses which are best
tested by manipulating genotypes and observing the resulting change in phenotype. How-
ever, respective high-throughput technologies for genotype manipulation are lagging be-
hind.

This thesis presents technical advancements in the field of genome engineering and next-
generation sequencing which allow to construct and characterize collections of mutants
with tagged genes.

First, an improved version of a targeted NGS strategy is introduced, which is termed
Tn5-Anchor-Seq. This protocol for genome walking sequencing allowed to characterize
unknown sequences adjacent to known genomic sites so that for example tag integrations
could be mapped. It builds upon the concept of tagmentation and was designed with
scalability, efficiency and sensitivity in mind.

Second, CRISPR-Cas12a-assisted tag library engineering (CASTLING) is presented as a
high-throughput pooled strategy for gene tagging in the yeast Saccharomyces cerevisiae.
It was implemented and validated using a set of 215 genes which were simultaneously
targeted. Furthermore, genome-wide targeting was explored revealing that ∼50 % of
yeast genes can be covered within one single experiment. Factors important for further
application of this technology were identified and are discussed.

Third, the insights gained during the development of the CASTLING strategy motivated
the application of their concepts for single gene tagging in mammalian cells. Usually,
mammalian gene targeting is relatively inefficient and laborious. Therefore, a conve-
nient CRISPR-Cas12a-assisted PCR tagging strategy was developed. Several targeted
NGS approaches including Tn5-Anchor-Seq supported the validation of this technology.
Furthermore, these analyses allowed the characterization of an experimental artifact as-
sociated with mammalian PCR tagging which can most likely be explained by aberrant
tag expression.

Finally, Tn5-Anchor-Seq was applied to the characterization of a diagnostic RT-LAMP
assay for SARS-CoV-2 detection. The high scalability of the resulting LAMP-sequencing
protocol allowed to sequence RT-LAMP reactions from 768 patient samples and by that
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helped to validate the sensitivity and specificity of this assay. This was important for
deploying additional testing capacity during the COVID-19 pandemic.

In conclusion, this thesis introduces and showcases scalable approaches for pooled and sin-
gle gene taggings in yeast and mammalian cells. In this context also an improved genome
walking procedure was implemented which furthermore supported the establishment of a
diagnostic assay for SARS-CoV-2 detection.
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Zusammenfassung

Eine zentrale Frage in den Biowissenschaften ist, wie ein beobachteter Phänotyp durch
ein gegebenes biologisches System realisiert wird. Ein mögliche Erklärung ist sicherlich
der Genotyp eines solchen Systems, der dank der Entwicklung von Technologien zur
Hochdurchsatz-Sequenzierung (NGS) leicht charakterisiert werden kann. Dadurch lassen
sich viele Hypothesen aufstellen, die am ehesten durch die Manipulation der Genotypen
und der Beobachtung der daraus resultierenden Phänotypen überprüft werden können.
Allerdings sind die entsprechenden Hochdurchsatztechnologien zur Manipulation von Ge-
notypen nur bedingt vorhanden.

In der vorliegenden Arbeit werden technische Fortschritte auf den Gebieten der Genome-
Editierung und der Hochdurchsatzsequenzierung vorgestellt, die es ermöglichen, Samm-
lungen von Mutanten mit gentechnisch markierten Genen zu erstellen und zu charakteri-
sieren.

Zunächst wird eine verbesserte Version einer gezielten Strategie zur Hochdurchsatzse-
quenzierung eingeführt, die als Tn5-Anchor-Seq bezeichnet wird. Mit diesem Protokoll
können unbekannte Sequenzen charakterisiert werden, die neben bekannten genomischen
Bereichen liegen, auch Genom-Walking-Verfahren genannt. Damit können zum Beispiel
Integrationen heterologer Sequenzen kartiert werden. Es baut auf dem Konzept der Tag-
mentierung auf und wurde mit Blick auf Skalierbarkeit, Effizienz und Sensitivität entwor-
fen.

Zweitens wird das CRISPR-Cas12a-assisted tag library engineering (CASTLING) als
Hochdurchsatz-Strategie für das gemischte Herstellen von Integrationsmutanten der Hefe
Saccharomyces cerevisiae vorgestellt. Sie wurde anhand einer Auswahl von 215 gleichzeitig
zu verändernden Genen implementiert und validiert. Darüber hinaus wurde untersucht,
ob genomweit alle Gene gleichzeitig zugänglich sind, wobei sich zeigte, dass ∼50 % der
Hefegene in einem einzigen Experiment verändert werden konnten. Faktoren, die für die
weitere Anwendung dieser Technologie wichtig sind, wurden identifiziert und werden dis-
kutiert.

Drittens motivierten die bei der Entwicklung der CASTLING-Strategie gewonnenen Er-
kenntnisse die Anwendung ihrer Konzepte für die gentechnische Markierung einzelner
Gene in Säugetierzellen. Normalerweise ist das Gen-Targeting in Säugetierzellen relativ
ineffizient und aufwändig. Daher wurde eine praktische CRISPR-Cas12a-gestützte Stra-
tegie zum PCR tagging (PCR-gestützen Genmarkierung) entwickelt. Mehrere gezielte
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Ansätze der Hochdurchsatzsequenzierungs, darunter Tn5-Anchor-Seq, unterstützten die
Validierung dieser Technologie. Darüber hinaus ermöglichten diese NGS Analysen die
Charakterisierung eines experimentellen Artefakts, welches im Zusammenhang mit dem
PCR tagging in Säugetierzellen auftrat und welches höchstwahrscheinlich durch eine un-
beabsichtigte Expression des Markierungsgens erklärt werden kann.

Schließlich wurde Tn5-Anchor-Seq für die Charakterisierung eines diagnostischen As-
says basierend auf reverse Transkriptase Schleifen-vermittelter isothermaler Amplifikation
(RT-LAMP) für den Nachweis von SARS-CoV-2 eingesetzt. Die hohe Skalierbarkeit des
resultierenden LAMP-sequencing genannten Protokolls ermöglichte die Sequenzierung von
RT-LAMP-Reaktionen von 768 Patientenproben. Damit konnte die Sensitivität und Spe-
zifität dieses Assays validiert werden. Dies war wichtig für die Bereitstellung zusätzlicher
Testkapazitäten während der COVID-19-Pandemie.

Zusammenfassend befasst sich diese Arbeit mit skalierbaren Ansätzen für gemischte und
einzelne gentechnische Markierungen von Genen in Hefe- und Säugetierzellen. In diesem
Zusammenhang wurde auch ein verbessertes Genom-Walking-Verfahren implementiert,
das darüber hinaus die Etablierung eines diagnostischen Assays zum Nachweis von SARS-
CoV-2 unterstützt hat.
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1 Introduction

1.1 Characterization of the genotype-to-phenotype relationship

Establishing the genotype to phenotype relationship is one of the central tasks in biol-
ogy as such relationship can still not be easily predicted [1]. A central aid to find such
relations is the manipulation of a genotype followed by the characterization of the result-
ing phenotypic change. Examples of genetic perturbations which might be of interest to
assess biological questions are knocking genes in or out [2]. Furthermore, the regulatory
context of a gene can be altered to explore expression changes. Finally, alterations of
the coding sequence of genes can be performed to characterize and dissect the function
of the gene product. This includes gene tagging with reporter genes. Frequently used
examples for such reporter genes are fluorescent protein tags which can inform on abun-
dance, subcellular function and stability [3, 4, 5]. In the past genetic perturbations were
performed in a random, untargeted fashion and such approaches are still useful today [6].
Targeted approaches are an alternative which will be discussed in more detail below (refer
to section 1.2). Technologies from genome-wide strain collections to systemic methodolo-
gies were historically quite often pursued using budding yeast Saccharomyces cerevisiae
as model system mainly because it is especially amenable to genetic modifications and
relatively easy to handle in the laboratory [7]. Within recent years, several advances have
opened up new possibilities for functional characterizations also of other biological model
systems such as mammalian cells. The most notable advance is based on CRISPR-Cas
systems which allow to easily program genome editing endeavors [8, 9, 10, 11].

High-throughput studies often relied on arrayed cell line or strain collections (libraries)
where genotypes have a priori known positions for example on an agar plate. A phenotype
can be directly connected to its causing genotype by the array position given that arrayed
assays can be used for phenotypic assessment of the library. However, one disadvantage
of arrayed libraries is that their construction and use is laborious and that arrayed assays
have limited throughput. This might arguably be a limitation for future functional ge-
nomics endeavors. A conceptually different approach with the potential to overcome these
limitations can be realized with pooled libraries. They have the advantage of being much
less resourceful in handling than an arrayed library and phenotype determination of all
genotypes can be performed in parallel. Among others, pooled library assays potentially
provide improved phenotypic sensitivity because all cell lines are exposed to exactly the
same conditions. In contrast, arrayed libraries are for example affected by spatial effects.
A disadvantage of pooled libraries is the challenge of genotype traceability. Nowadays,
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1.2 Gene targeting and tagging 1 Introduction

methods for the characterization of pooled libraries are either based on next-generation
sequencing (NGS) of phenotypically separated subsets of such pools or spatially resolved
genotyping [1].

1.2 Gene targeting and tagging

Often it is desirable to alter the genomic sequence of a biological system under investiga-
tion to study the impact of the resulting genotype on phenotype outcome. Gene targeting
is the process in which such alterations are performed in a specific manner. Such alter-
ations can include gene disruptions, fusions with terminal or internal tag coding sequences
for altered control or function, or site-directed mutagenesis at the endogenous gene lo-
cus [12, 13].

1.2.1 A brief history of gene targeting
One of the first reports of gene targeting in eukaryotes was presented in yeast by the lab
of Gerald Fink in 1978. This study showed that a yeast strain auxotrophic for leucin as a
consequence of a mutation in the leu2 gene could be transformed to prototrophy using a
non-replicative vector which contained the intact LEU2 gene. Subsequent genetic analysis
confirmed that the vector often had facilitated gene conversion of the mutant leu2 gene
to its functional version LEU2. Homologous recombination (HR) had already then been
proposed to play an important role in mediating such specific alterations [14]. Building on
this knowledge it was later shown that recombinant DNA can be used to site-specifically
delete the respective gene at its endogenous locus if this DNA carried the sequence of the
gene of interest which has been disrupted by a marker gene [15]. Around the same time
the lab of Mario Capecchi first reported HR of exogenous non-replicating plasmid DNA
in mammalian somatic cells [16] by microinjecting the DNA into the nucleii of mouse
embryonic stem cells. Later studies showed that it can be used for the purpose of gene
targeting [17] and gene disruption [18]. Linearization of the recombinant DNA greatly
improved transformation efficacy indicating that the co-occurrence of a double strand
break (DSB) stimulated recombination in yeast [19] as well as in mammalian cells [20].
Gene targeting in mammalian cells turned out to be more difficult than in yeast cells
as many genomic integrations of the recombinant DNA occurred at random instead of
the targeted sites indicating non-homologous mechanisms for DSB repair [20]. Mario
Capecchi and Oliver Smithies together with Martin Evans received the Nobel Prize in
Physiology or Medicine in 2007 for their achievements related to gene targeting in mice.

1.2.2 PCR targeting
A major simplification of gene targeting in yeast was to assemble the respective recombi-
nant construct by PCR. This was done by using primers bearing short terminal sequences
of at least 30 nucleotides homologous to the target gene [21, 22]. This ”PCR targeting”
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provided the immediate advantage of more rapid conduction of gene targeting experiments
in yeast as only a single PCR amplification instead of several tedious molecular cloning
steps was required to generate the respective material for transformation. Conceptually
an additional advantage was the modularization of the gene targeting approach. On the
one hand, the information directing the gene targeting construct to a specific genomic
location is solely encoded on the 5’ homologies of the primers. On the other hand, the
template used for PCR encodes functional elements to fulfill the purpose of the gene tar-
geting experiment. Usually, a selection marker is included in this functional module for
the rapid identification of successfully transformed clones. In addition, other functional
elements can be included such as regulatory sequences for example for promoter substi-
tution experiments or terminal protein tag sequences for gene tagging experiments. The
use of generic primer binding sites allows to freely combine primers and functional mod-
ule templates to construct new targeting modules. The full modularity of this approach
further facilitates rapid experimentation and still is one of the fundamental molecular
techniques in yeast research [23, 24, 25].

1.2.3 How programmable endonucleases revolutionize gene targeting

The ease of gene targeting in Saccharomyces cerevisiae has been unmatched in other or-
ganisms for some time which was probably one of the reasons why this organism was
seen as such an exquisite model system for functional studies [7]. In addition, although
relatively efficient in yeast, approximately only one in 106 to 107 cells in a gene tar-
geting experiment is transfomed to the desired genotype which prohibits more complex
endeavors such as pooled gene targeting [24]. The most promising avenue to increase
success rates of gene targeting efforts is to induce DSBs at the target site to stimulate
homologous recombination. A range of molecular tools were used for site-specific DSB
induction in different gene targeting applications across a range of organisms. These in-
clude site-specific meganucleases such as I-SceI and I-CreI, zinc-finger nucleases (ZFN),
or TALENs [12, 13]. These endonucleases helped to perform a variety of successful gene
targeting studies. It became clear that simultaneous DSB induction using target site-
specific nucleases increased targeting efficiencies to a level which allowed for the use of
HR templates with homology length as short as 50 nucleotides [26]. Nevertheless, the
application of these endonucleases was generally hampered by the lack of accessibility,
versatility and specificity. Another class of site-specific endonucleases are CRISPR-Cas
endonucleases which were originally described to aid bacterial immunity but have been
rapidly repurposed for gene targeting and genome engineering applications [8, 11]. These
endonucleases have the advantage that they are guided to a particular genomic locus by
a site-specific RNA. Therefore, designing a new site-directed endonuclease is as simple
as exchanging the sequence of the guiding RNA. This versatility explains why CRISPR
effectors are currently the most attractive solution for site-directed DSB induction.
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1.3 DNA double strand break repair in eukaryotic cells

The repair of DSBs is a central prerequisite for efficient gene targeting in eukaryotic cells.
I will therefore briefly summarize the current knowledge on DSB repair in eukaryotic cells
in the following section.

As critical DNA lesions double strand breaks can impose an immediate threat on genome
integrity eventually resulting in severe cellular dysfunction and disease. Moreover, DSBs
can also be purposefully involved in several important cellular mechanisms such as mei-
otic chromosome segregation, resolution of stalled replication forks and antigen receptor
differentiation in immune cells of vertebrates. Cellular systems across all kingdoms of
life have therefore evolved various mechanisms to resolve DSBs. The following discussion
will concentrate on DNA double strand repair in eukaryotic cells but many of the central
factors are deeply conserved as exemplified by the conservation of the central homologous
recombination protein Rad51 (recA in E. coli) indicating the high evolutionary pressure
for DNA maintenance [27].

If sequences of reasonable homology are available they can serve as template for correct
recovery of the original sequence. This process is known as Homologous Recombination
(HR). If such a template is not available structural integrity of the DNA is ensured by
non-templated ligation of the free DNA ends using a pathway termed Non Homologous
End Joining (NHEJ). This pathway is imperfect in that it can be often accompanied by
minimal sequence alterations (reviewed in ref [28]). Usually, one of these two pathways
result in the resolution of a DSB. In case of their failure eukaryotic cells can revert to
more promiscuous but less accurate repair mechanisms which are alternative End joining
(a-EJ) and single strand annealing (SSA). The subsequent discussion will focus on HR
and NHEJ because of their higher relevance for gene targeting and normal cell physiology.

Apart from the availability of a homologous template several other factors play a role
in DNA repair pathway choice. An important one is the cell cycle. NHEJ is active
throughout the cell cycle while HR is especially upregulated during S and to a smaller
extend in G2 phase [29]. This permits that the sister chromatid more likely serves as
homologous template for DSB repair by HR instead of the homologous chromosome [30,
29].

Decondensation and remodeling of dense chromatin surrounding a DSB is enhanced by
the activation of Poly(ADP-ribose) polymerase (PARP) and signaling of the central DNA
damage response kinase ataxia telangiectasia mutated protein (ATM) facilitating acces-
sibility of the DSB. If DNA ends of the DSB are freely accessible and present only very
short or no single stranded DNA protrusions, they are rapidly bound and protected from
resection by the factor Ku, a heterodimeric complex of Ku70 and Ku80. Given the right
circumstances such as cell cycle state and chromatin context binding of the Ku will be
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challenged by factors which will direct DSB repair towards HR. Otherwise DSB repair
will be committed to NHEJ by factors which bring the two Ku protected termini of the
DSB into close proximity (i.e. formation of a synaptic complex) to facilitate their ligation.
In case the DSB already provides longer ssDNA protrusions HR will engage directly at
the DSB site without Ku binding [31]. The following sections will discuss both options in
more detail.

1.3.1 Non-homologous End Joining (NHEJ)

NHEJ is the DSB repair pathway of choice for a majority of cases in mammalian cells [32]
but is also physiological essential for V(D)J recombination during lymphocyte matura-
tion [33]. The free DNA termini of a DSB are first bound by the highly abundant Ku
complex (Ku70-Ku80; yeast: Yku70 and Yku80) which prevents extensive DNA end re-
section and serves as scaffold for further NHEJ factors [34]. The DNA damage response
and chromatin-associated protein p53-binding protein 1 (53BP1; yeast: Rad9) promotes
NHEJ through its effectors RAP1-interacting factor 1 (RIF1) [35] and the recently identi-
fied shieldin complex [36, 37]. The central ligase acting in NHEJ is a complex of the DNA
ligase IV (LIG4; yeast: Dnl4) with X-ray repair cross-complementing 4 (XRCC4; yeast:
Lif1) [38, 39]. The DNA termini of the DSB need to be spatially aligned through synapsis
formation in order be competent for ligation. The ligation of the DNA ends is stabilized
by the utilization of terminal microhomologies of up to four nucleotides [40]. Recent
in vitro work has further defined the central role of Ku, XRCC4-LIG4 and XRCC4-like
factor (XLF; yeast: Nej1) in promoting synapsis and facilitating end-joining. A flexible
synapsis of Ku-bound DNA can be formed by XRCC4-LIG4 which on its own is sufficient
to mediate ligation of compatible ends. Ligation is further enhanced by directly aligning
the ends in a closed synapsis facilitated by XLF [41]. In case the DNA ends of the DSB
are incompatible further ligation attempts are facilitated by end processing with nucleases
and polymerases. A major nuclease activity in mammalian cells is provided by Artemis
which is activated through phosphorylation by autophosphorylated DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs) bound to Ku-loaded DNA [42]. Once activated,
Artemis can cut DNA ends at single-strand-to-double-strand boundaries including 5’ and
3’ overhangs and various other obstacles to end-to-end ligation [43]. The two Pol X fam-
ily polymerases Polµ and Polλ (yeast: Pol4) are important for template independent and
dependent nucleotide addition respectively [44, 45].

Multiple rounds of processing and ligation attempts and an incremental use of a multitude
of factors seem to allow for highly promiscuous and flexible DSB repair by NHEJ [28].
The complete process is more complex than described here and many open questions
regarding the NHEJ pathway remain.
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1.3.2 Homologous Recombination (HR)
The HR pathway in eukaryotic cells mediates genetic exchange and faithful chromosome
segregation during meiosis. In somatic cells, HR ensures correct replication in addition
to DSB repair. The extend of end resection at DSBs contributes to DSB repair pathway
choice and longer resections of the DNA ends are required for commitment to HR in com-
parison to NHEJ. The DSB is first bound by a complex of MRE11-RAD50-NBS1 (yeast:
Mre11-Rad50-Xrs2 (MRX)) [46, 47]. This also activates the central DSB response kinase
ATM (yeast: Tel1) [48]. The nuclease activity of MRE11 leads to short-range (<300
nucelotides) nicking and resection so that 3’ single-stranded ends are revealed. The nucle-
ase activity of MRE11 requires interaction with CtBP-interacting protein (CtIP, yeast:
Sae2) [49]. Further long-range resections are performed by two parallel pathways which
involve either exonuclease 1 (yeast: Exo1) or the endonuclease DNA2 (yeast: Dna2)
together with the Bloom syndrome helicase (BLM; yeast: Sgs1) [50]. This leads to dis-
placement of the KU complex which eventually covers the DSB ends. The long 3’ ssDNA
ends are initially protected by binding to the three-member replication protein A (RPA)
which also prevents secondary structure formation [51]. A dynamic structure of a nucle-
oprotein filament is formed by binding of the ssDNA to RAD51. In mammals loading of
RAD51 is mediated by BRCA2 and Rad51 paralogs [52], while in yeast loading of Rad51
is predominantly mediated by Rad52 [53, 54]. The RAD51-ssDNA nucleoprotein filament
mediates the homology search of HR and the sister chromatid is the preferred substrate
over homologous chromosomes and ectopic homologous sequences [29]. Upon detection
of adequate homology strand invasion occurs by the nucleoprotein filament and a DNA
DNA heteroduplex is formed [55]. Displacement of the non-base-paired strand at the
heteroduplex side forms a structure known as the displacement loop (D-loop) [56]. The
invaded filament is used as template for nascant strand synthesis predominantly by DNA
polymerase δ(Polδ) which works together with PCNA and RFC1-5 [57, 58]. After strand
synthesis the D-loop must be resolved which is often mediated by BLM-TOPOIIIα-RMI1-
RMI2 (yeast: Sgs1-Top3-Rmi1). During mitosis the major pathway is synthesis-dependent
strand annealing (SDSA). It is the most conservative way of D-loop resolution and does
not involve cross-overs which could potentially lead to loss-of-heterozygosity [59]. An-
other form of D-loop resolution involves double Holliday junctions (dHJs) which can be
resolved by crossover and non-crossover events [60]. Finally, if HR fails to terminate the
strand synthesis, D-loops are resolved by a strategy of break-induced replication which is
highly mutagenic [61].

1.4 CRISPR Cas

CRISPR-Cas systems have been recognized as the adaptive immune system of prokary-
otes. In general, they are characterized by the presence of so called Clustered regularly
interspaced short palindromic repeats (CRISPR) arrays in the host genome and CRISPR-
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associated (Cas) proteins which perform functions associated with CRISPR array mainte-
nance and immunity. The immunity is mediated by three phases: adaptation, expression
and interference. Adaptation to an unknown virus or plasmid is realized by the acqui-
sition of short DNA sequences (spacer) from fragments of the genome of the invader
(protospacer) into the CRISPR array within the genome of the host cell. Each spacer
within the array is flanked by direct repeat sequences which contributed to the original
discovery of this type of locus. The CRISPR array is expressed as one long transcript
(pre-crRNA) which is further processed either by host factors or specialized Cas proteins
into mature CRISPR RNAs (crRNAs) where each crRNA contains one spacer. The third
phase of interference is characterized by the complexation of the crRNA with one or sev-
eral Cas proteins to form a ribonucleoprotein effector. Watson-Crick base pairing of the
crRNA and the target sequence triggers endonucleolytic cleavage of the target genome by
the effector complex. Important for recognition of the target sequence is the presence of
a characteristic protospacer-adjacent motif (PAM). This motif is absent in the CRISPR
array which ensures that the CRISPR-Cas effector complex does not target the CRISPR
array itself [62].

Historically, CRISPR arrays were first recognized bioinformatically as recurrently and
prevalently occurring across bacteria and archea species [63]. The term ”CRISPR” was
coined and adjacent operons were recognized which code for the CRISPR-associated (Cas)
proteins [64]. It was later observed that the spacers within the repeats are homologous
to invasive DNA species such as the genomes of bacteriophages and plasmid sequences.
This prompted the hypothesis that the CRISPR array might serve as memory for an
interference system to protect these prokaryotes against invasion [65, 66, 67]. Shortly
after by showing that the CRISPR-Cas system of Streptococcus thermophilus is indeed
an adaptive immune system against bacteriophage infection this hypothesis was experi-
mentally confirmed [68]. The in vitro reconstitution of essential parts of the CRISPR-Cas
system of Streptococcus pyogenes showed that one CRISPR associated protein, Cas9, is
an RNA-guided DNA-targeting endonuclease which can easily be reprogrammed for new
targets [69, 70]. This work opened up the possibility for revolutionary new biotechno-
logical developments starting with the application of Cas9 for genome editing via NHEJ-
and HR-mediated repair in human [71, 72] and bacterial cells [73]. Another single RNA-
guided DNA-targeting endonuclease interesting for biotechnological applications, Cas12a
(formerly CRISPR-associated endonuclease in Prevotella and Francisella 1 [Cpf1]) was
subsequently identified [74].

So far, natural CRISPR-Cas systems could be categorized into two classes, six types and
33 subtypes [75]. The two main classes of CRISPR-Cas systems are differentiated by the
organisation of the effector Cas proteins, which consist of multiple proteins in the case
of class 1 while class 2 members are single protein effectors. Cas9 and Cas12a as single
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protein effectors therefore belong to the class 2 CRISPR-Cas systems [75]. Nevertheless,
Cas9 and Cas12a differ in several aspects. The Cas9 ribonucleoprotein complex con-
sists of one protein (Cas9) and two RNA components (crRNA and trans-activating RNA
[tracRNA]) in nature. It has been shown that the two RNA components can be combined
into one ~100 nucleotides long chimeric molecule [69]. In contrast, Cas12a requires no
tans-activating RNA so that a 42 nucleotides long crRNA is sufficient for targeting [74].
In addition, Cas12a can on its own process its crRNA while Cas9 requires tracrRNA and
host RNAse III as additional factors [76, 74]. Upon target site binding Cas9 performs
a blunt end cut proximal to the recognition site. This is mediated by HNH and RuvC
nuclease domains which are part of the Cas9 protein [69]. Cas12a contains a single RuvC
nuclease domain and performs a staggered end cut with 5’ overhangs distal from the
recognition site [74]. The PAM of Cas9 is generally G-rich and placed at the 3’end of
the target site. In contrast, Cas12a has a T-rich PAM and is placed at the 5’ end of the
target site [74]. As a consequence CRISPR-Cas systems containing the Cas9 effector are
categorized into type II while Cas12a-containing CRISPR-Cas systems belong to type V
of the class 2 systems [75].

1.5 Next-generation sequencing (NGS) and genome walking sequencing

1.5.1 History and application of NGS
In order to study the function of biopolymers such as proteins or nucleic acids it is of-
ten essential to determine their primary sequence. Especially sequencing of DNA has
progressed in an astonishing pace within the last decades and adaptations of these tech-
nologies now penetrate most areas of biology [77]. In the late 1970s the chemical cleavage
method by Maxam and Gilbert and the chain termination method by Sanger and Coulson
allowed to efficiently sequence DNA for the first time [78, 79]. The principle of the chain
termination method was adapted more widely and is still used today with some techno-
logical improvements. The experimentally observed sequence of bases in a nucleic acid
molecule is what is called a read in sequencing. Initially, determining few or even a single
read was a resourceful investment. Automation and massive parallelization increased the
throughput while the cost decreased several orders of magnitude allowing to determine the
genome sequence of an individual almost within one day for ~1,000 $. These technological
advances are collectively termed next-generation sequencing (NGS) [77]. Sequencing tech-
nologies can be broadly categorized into short-read (35-700 bp) and long-read sequencing
technologies (>700 bp). In general, sample DNA is first fragmented into an appropriate
size range and common DNA sequences (adapters) are added which are needed for clonal
amplification to construct the sequencing library. In addition, the constant sequences of
the adapter serve as starting point to conduct the sequencing reaction. These molecules
then serve for templated incorporation of nucleotides which is coupled to a distinguishable
signal. The nowadays most common platforms are provided by the company Illumina.

8



1 Introduction 1.5 Next-generation sequencing (NGS) and genome walking sequencing

For the Illumina platforms DNA of interest is attached to P5 and P7 adapter sequences.
These two sequences are needed to immobilize and amplify the DNA molecules on the
glass surface of a flow cell by bridge amplification resulting in clonal clusters. Sequencing
is then performed by sequentially exchanging the reagents within the flow cell. A DNA
polymerase is allowed to proceed on the template molecules withing the clusters but
because the used nucleotides are terminally blocked, only one nucleotide is incorporated
per cycle. Because it is fluorescently labeled in different colors this nucleotide can then be
detected using a microscopic system coupled to the flow cell. The labeling and blocking of
the incorporated nucleotides is reversible so that it can be removed after image acquisition
and before the next cycle can be conducted. Using this approach one base of a read is
determined per cycle [80]. The majority of sequence data analyzed in this thesis was
generated using this technology.

The technology underlying the products from Illumina are therefore considered as a cyclic
reversible termination type of sequencing by synthesis reactions. Another type would be
single-nucleotide addition in which the four different nucleotides are sequentially added
to the polymerase reaction. Nucleotide incorporation can then be converted into a de-
tectable signal for example by an enzymatic cascade converting pyrophosphate into light
(as in the first commercial NGS system by 454/Roche) or the pH change using semicon-
ductor technology (as in the Ion Torrent systems). In contrast to sequencing by synthesis
some commercial systems (e.g. Complete Genomics/MGI) rely on sequencing by liga-
tion in which nucleotide incorporation is mediated by a DNA ligase instead of a DNA
polymerase. [81]

A more recent development are technologies for real-time single-molecule sequencing which
are sometimes also considered belonging to the third generation. The development of
single-molecule optics with zero-mode waveguides allow to directly observe nucleotide
incorporation of single polymerase-mediated synthesis reactions. This approach has been
commercialized by Pacific Biosciences. An alternative strategy utilizes nanopores for
sequencing. It is based on the realization that an ion current flow through a nanopore is
modulated when a nucleic acid polymer also passes through the pore. By discretizeing the
movement of the nucleic acid polymer with an engineered nucleic acid binding protein the
current change becomes distinguishable based on the sequence of the nucleic acid polymer.
The company Oxford Nanopore Technologies has commercialized this technology. Both
aforementioned approaches allow for long read sequencing. [81, 77]

NGS technologies can be used for de novo assembly of a reference genome for a certain
species and resequencing to identify genetic variants by aligning sequence data of a differ-
ent sample to such a reference genome [77]. Especially for genome assembly of repetitive
genomes long-range linkage between genomic loci is critical and NGS technologies have
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profited from the idea to sequence both ends of the NGS library molecules, a principle
known as paired-end sequencing [82]. In addition, NGS can be used as a molecule count-
ing device which allows to quantify a wide range of cellular parameters. Probably NGS is
most widely applied for measuring transcript abundance (i.e. transcriptomics) but other
applications are possible [77]. In this thesis NGS will be used to characterize genetic vari-
ants of a gene editing experiment with respect to an expected outcome (i.e. resequencing)
and counting of these variants within a mixture of cell lines.

1.5.2 NGS library preparation using Tn5 tagmentation
A methodological advance in NGS library preparation was the utilization of in vitro
transposition reactions with a hyperactive variant of the Tn5 transposon also known
as tagmentation [83]. Wild-type Tn5 is a composite transposon containing antibiotic
resistance genes flanked by two highly homologous sequences of which one contains the
gene for expressing the Tn5 transposase enzyme. The homologous sequences contain end
sequences which are required by the transposase for recognition and transposition. This
transposition follows a ’cut-and-paste’ mechanism in which the transposon sequence is
excised from a donor DNA sequence and randomly inserted into target DNA. Naturally,
transposition occurs with low frequency but hyperactive mutants of the transposase and
the transposon end sequences (denoted ME; mosaic ends) have been identified which
allows for in vitro and in vivo biotechnological applications. (reviewed in ref [84])

DNA structures containing just one copy of the ME sequence can serve as potent trans-
position substrate and lead to random DNA fragmentation. This realization fueled the
application for rapid NGS library preparations [83]. It has been commercialized in the
Nextera product line from Epicentre Biotechnologies (now Illumina) but open-source pro-
tocols also have been published [85, 86].

1.5.3 Genome walking in the era of NGS
Often the purpose of a NGS experiment is not to generate sequence information across
the whole genome but rather to characterize specific loci in detail. Therefore, enrichment
for the informative subset of the sample is necessary before NGS is conducted, a process
considered as targeted sequencing.

In principle, PCR can be conducted to amplify the loci of interest. Nevertheless, charac-
terization of unknown sequences adjacent to a known genomic site is particular challenging
because specific enrichment must be achieved but locus specific primers for PCR cannot be
designed in a straight-forward manner. Solving this problem is for example a requirement
for the identification of all insertion sites in certain mutants (e.g. in transposon mutage-
nesis or knock-in experiments) or for sequencing the proximity of genomic targets in an
unbiased manner (e.g. in genome engineering or gene therapy). The approaches aiming
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at addressing this challenge are denoted as genome, chromosome or primer walking [87,
88].

Already more than 30 years ago before the advent of NGS first genome walking protocols
were developed to enable sequencing of the long DNA inserts in yeast artificial chromo-
somes (reviewed in ref [89]). These approaches can be broadly categorized based on how
DNA is treated before conducting the PCR for enrichment [87, 88]. In fragmentation-
based genome walking protocols the DNA is first fragmented either using restriction en-
zymes or randomly using methods such as sonication. The fragmented DNA is then
ligated to generic adapters (or cassettes) which serve as second primer binding site during
PCR [90]. The design of the adapter ensures that the amplification can only proceed
from molecules which contain the site of interest (e.g. vectorette PCR; [91]). A notable
variation are protocols based on inverse PCR for which the fragmented DNA is circu-
larized by intra-molecular ligation. The two sequences flanking the site of interest are
linked for this and the resulting molecules are amplified using a PCR with primers which
specifically bind outwards at both ends of the side of interest [92, 93]. A second set of
genome-walking protocols is primer-based which means that the PCR is conducted with
specific primers for the site of interest and random or degenerated primers so that PCR
can proceed semi-selectively [94]. In a third variation of genome walking protocols primers
specific for the site of interest are first extended to generate ssDNA encompassing the site
of interest and its adjacent sequence. The ssDNA molecules are then processed to be
tailed with polynucleotide sequences or ligated to generic adapters so that they can serve
as templates in a PCR [95, 96]. Specificity of primer- and primer extension-based proto-
cols is further increased by performing nested PCRs with two different primers specific
for the site of interest. The integration of genome walking protocols with next-generation
sequencing allows to characterize many unknown sequence in a targeted but unbiased
manner which allows to address the aforementioned challenges [97, 98] (reviewed in [99]).

1.6 SARS-CoV-2 detection by nucleic acid amplification reactions

At the end of 2019 a new severe acute respiratory syndrome (SARS) coronavirus named
SARS-CoV-2 was first described in Wuhan, China [100]. Infection with this virus causes
severe respiratory syndrome in patients, known as coronavirus disease 2019 (COVID-
19) [101]. It quickly spread globally causing an ongoing pandemic as of writing of this
thesis. Detection of SARS-CoV-2 has since been instrumental in determining infected
people to facilitate early identifications and tracing of outbreak situations. Therefore,
SARS-CoV-2 detection is critical for informing stakeholders to decide on countermea-
sures [102]. The earliest, most widely applied and one of the most sensitive diagnostic
test for SARS-CoV-2 detection is reverse transcription quantitative PCR (RT-qPCR) of
viral RNA isolated from patient samples [103]. The RT-qPCR reaction involves virus
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specific oligonucleotide primers which aid reverse transcription of viral RNA by a reverse
transcriptase included in the reaction. The resulting DNA is subsequently amplified by
the means of a PCR mediated by the primers and a thermostable Thermus aquaticus (Taq)
DNA polymerase [104, 105]. Reactions with successful amplifications are either identi-
fied by specific fluorescently labeled oligonucleotide probes or unspecific fluorescent DNA
dyes. The execution of a RT-qPCR assay therefore requires specialized equipment [106,
107]. Especially during the beginning of the pandemic the required resources to per-
form these kinds of assays, i.e. the reagents to isolate RNA from patient samples, the
RT-qPCR reagents and thermocyclers with fluorometric readout needed for qPCRs were
quickly becoming a bottleneck. Consequently, the demand was high for alternative diag-
nostic assays for SARS-CoV-2 detection. Several nucleic acid amplification reactions were
proposed as alternatives to the PCR assay to aid SARS-CoV-2 genome detection, one of
which is reverse transcription loop-mediated isothermal amplification (RT-LAMP) [108,
109, 110]. The execution of this particular assay seemed exceptionally appealing because
it had proven exquisite specificity and sensitivity in other settings [111, 112]. Similar as
in the RT-qPCR assay, viral RNA is first reverse transcribed with the aid of a reverse
transcriptase and oligonucleotide primers included in the reaction [108, 113]. The reaction
further involves a Bacillus stearothermophilus (Bst) DNA polymerase which in compari-
son to the Taq polymerase used in PCR has high strand-displacing activity allowing for
isothermal reaction conditions. Exponential amplification is facilitated by the design of
the oligonucleotide primers which mediate a rather complicated reaction process (Fig-
ure 4.1) [108, 109, 110]. Although a fluorometric readout can inform about the success
of an amplification in a RT-LAMP reaction, alternative readouts have been established
including ones as simple as change in color (colorimetric RT-LAMP). For this the poly-
merase reaction is only weakly buffered so that its pH will increase as DNA is amplified.
Phenol red included in the reaction is used as pH indicator resulting in a color change
from red/pink to yellow upon successful amplification [114]. This possibility together
with the isothermal reaction conditions greatly simplifies the technical requirements for
performing the assay. In addition, LAMP reactions are relatively robust with respect to
reaction contamination raising the question whether RNA isolation from patient samples
could be omitted and instead be used directly with the RT-LAMP assay [115].

1.7 Objectives of this thesis

We need more high-throughput approaches for the manipulation of genotypes to be able
to test the hypotheses generated through large biological data sets. One considerable
challenge is the tagging of genes (i.e. knock-ins) in cells. In addition, the genomic charac-
terization of such cells is difficult to achieve in an unbiased manner. The following aims
address these tasks.
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1.7.1 Aim 1: Development a targeted strategy for genome walking NGS
Our previously published Anchor-Seq strategy is a targeted NGS protocol for the charac-
terization of tagged cells. Unfortunately, its broader application is hampered by several
shortcomings. The first aim is to utilize tagmentation for rapid NGS library preparation.
Together with newly designed adapters the resulting Tn5-Anchor-Seq protocol will allow
for more scalable applications. Anchor-Seq and Tn5-Anchor-Seq will be important for the
subsequent aims.

1.7.2 Aim 2: A protocol for pooled gene tagging in yeast cells
Methods for single gene tagging in yeast based on HR are well established. Nevertheless,
targeting several hundreds or thousands genes in parallel in a targeted fashion is not fea-
sible with these classical approaches. The second aim is to develop a method CASTLING
which utilizes the programmable endonuclease CRISPR-Cas12a for increasing HR gene
tagging efficiency. The method, named CASTLING, will be implemented by first target-
ing a small set of 215 genes. Then the potential to tag genes genome-wide is explored.
The findings from this study will be important to inform future directions for method
development.

1.7.3 Aim 3: A protocol for single gene tagging in mammalian cells
In contrast to yeast, single gene tagging in mammalian cells is laborious and inefficient.
The concepts of CASTLING (Aim 2) of utilizing CRSIPR-Cas12a and HR could also be
applied to mammalian cells with some modifications. The third aim is therefore to gener-
ate respective tagging constructs by PCR. Extensive characterization of this mammalian
PCR tagging strategy will be performed to identify any unwanted off-target effects.

1.7.4 Aim 4: Characterization of an diagnostic assay for SARS-CoV-2
Finally, during the beginning of the COVID-19 pandemic the need to increase testing
capacity was evident. The fourth aim is to test a colorimetric RT-LAMP assay for
SARS-CoV-2 detection and determine its diagnostic potential. One property of the new
Tn5-Anchor-Seq protocol is to allow for the characterization of several hundred samples
in parallel. It is therefore applied for this study as LAMP-sequencing to validate these
RT-LAMP reactions.

Altogether, this work aims at developing and improving strategies for genome walking
sequencing and gene tagging in eukaryotic cells to make them highly scalable and generally
applicable.
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2 Methods

2.1 Tagmentation mediated Anchor-Seq

Most methods were as published in ref.[116] and [117].

2.1.1 Anchor-Seq enrichment
"Genomic DNA (gDNA) was isolated from a saturated overnight culture (approximately
2 × 108 cells) using YeaStar Genomic DNA Kit (Zymo Research). Genomic DNA (125 µL
at 15 ng/µL in ultrapure water) was fragmented by sonication to 800–1000 bp in a mi-
croTUBE Snap-Cap AFA Fiber on a Covaris M220 focused ultrasonicator (Covaris Ltd.).
In our hands, 51 s shearing time per tube, a peak incident power of 50 W, a duty fac-
tor of 7%, and 200 cycles per burst robustly yielded the required size range. Adapters
were prepared by combining 50 µM of the respective Watson and Crick oligonucleotides
[…]. Each mixture was heated up to 95 °C for 5 min, followed by cooling to 23 °C in
a large water bath over the course of at least 30 min. Annealed adapters were stored
at –20 °C until use. We prepared an equimolar mixture of annealed adapters that con-
tained either none, one, or two additional bases inserted after the UMI (halfY-Rd2-Watson
and halfY-Rd2-NN-Crick) to increase heterogeneity of the sequencing library. The frag-
mented genomic DNA (55.5 µL) were end repaired and dA tailed (NEBNext Ultra End
Repair/dA-Tailing Module, New England Biolabs) and ligated to 1.5 µL of the 25 µM an-
nealed adapter mix (NEBNext Ultra Ligation Module, New England Biolabs). Products
larger than 400 bp were purified by gel excision (using NuSieve, described above) and
eluted in 50 µL 5 mM Tris-HCl (pH = 8.5). SIC integration sites were enriched by PCR
(NEBNext Ultra Q5 Master Mix, New England Biolabs) using 12 µL of the eluate with
suitable pairs of adapter- and SIC-specific primers. Initial denaturation was 98 °C (30 s),
followed by 15 cycles of 98 °C (10 s), and 68 °C (75 s). Final extension was carried out
at 65 °C (5 min). Reactions were purified using Agencourt AMPure XP beads (0.9 vol,
Beckman Coulter). The fragments were further enriched in a second PCR using the
custom-designed primers Ill-ONP-P7-bi7NN and Ill-ONP-P5-bi5NN [and a size selection
was performed by gel extraction (250–600 bp)] […]" [116]

2.1.2 Tn5-Anchor-Seq enrichment
"In detail, 100 ng/µl Tn5(E54K,L372P) transposase (purified according to [86]) was loaded
with 1.25 µM annealed adapters (P5-UMI-gri501…506-ME.fw, Tn5hY-Rd2-Wat-SC3) in
50 mM Tris-HCl (pH 7.5) by incubating the reaction for 1 h at 23 °C. Tagmentation re-
actions were prepared by mixing loaded transposase with 1 µg gDNA and tagmentation
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buffer (10 mM Tris-HCl, pH 7.5, 10 mM MgCl2, and 25 % [vol/vol] dimethylformamide)
and incubating for 10 min at 55 °C. For our batch of Tn5 transposase, we achieved reason-
able tagmentation using an enzyme/gDNA mass ratio of 0.75. Tagmentation reactions
were purified by bead purification (AMPure XP, Beckman Coulter) according to the man-
ufacturer’s instructions. Total eluates were used as input for a first PCR reaction with
cassette- and Tn5 adapter–specific primers (5Btn-hmNeong.rv, P5.fw) with NEB-Next Q5
HotStart polymerase (New England BioLabs) with 15 cycles of 68 °C and 1 min elonga-
tion. Biotinylated amplicons were first purified by column purification (Macherey-Nagel)
and then enriched using Dynabeads MyOne Streptavidin C1 beads (Invitrogen) according
to the manufacturer’s protocol. These beads were then used as input of a second PCR
with cassette- and Tn5 adapter–specific primers with NEB-Next Q5 HotStart polymerase
(New England BioLabs) with 25 cycles of 68 °C and 1 min elongation. PCR products
were size selected for 400–550 bp using a 2 % agarose/TAE gel and column purification
(Macherey-Nagel)." [117]

2.1.3 quantitative PCR (qPCR)
Quantitative PCR reactions were set up using the LightCycler 480 SYBR Green I Master
Mix and run on a LightCycler 480 System (both Roche). Quantitative cycles (CT or
threshold cycle) were averaged over three technical replicates. For each condition two
reference reactions were performed with primer pairs targeting the N-termini of the genes
ALG9 (YNL219C) and SPS100 (YHR139C). The CT value of these two measurements
were averaged to derive the reference CT value. Enrichment was calculated following the
procedure of Livak and Schmittgen [118]:

∆∆CT = ∆CT,enriched −∆Cp,input

= (CT,enriched,genex − CT,enriched,genereference
)− (CT,input,genex − CT,input,genereference

)

The enrichment is then calculated as:

enrichment = 2−∆∆CT

2.1.4 Tn5-Anchor-Seq sequencing and computational analysis
Libraries were first quantified and then sequenced on a NextSeq 550 sequencing system
(Illumina) using 300 cycles paired-end reagent kit (reading 150 nucleotides per read). A
spike-in of 20 % with phiX gDNA (Illumina) was performed to counteract homogeneity
at the beginning of the second read.

Samples were demultiplexed with bcl2fastq (Illumina) using barcodes in the Illumina-
specific adapters (introduced during tagmentation and second PCR). Reads were filtered
and trimmed using a custom script (Julia v0.6.0 and BioSequences v0.8.0). The resulting
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Table 2.1: Oligonucleotides used for qPCR this study. Sources for primer sequences of all other
methods can be cound in the given references.

Name Sequence (5’-to-3’) target / purpose
ENT4-q-rev CGAAGAAGACAGTGAAGATACG YLL038C / sample
YFH1-q-rev CCTTCTCAATGGGGAGTG YDL120W / sample
CDC1-q-rev CCTTTTTGTTTCTGTGATGC YDR182W / sample
GAS5-q-rev CCTCTTCATCTTCATCTTCC YOL030W / sample
mNeongreen_41nt.rv CCGAAGATGTGCAATTCGTGAGTAGC mNeonGreen cassette / sample
YER166W-q ACAAAAGCTGGGCAACACG YER166W /sample
YGR111W-q CCAGACTTTGACATTTTCACATGG YGR111W /sample
YJL154C-q TTTATTCACGGGGATGAGTCC YJL154C /sample
YCR012W-q GCCAGTCGACTTCATCATTGC YCR012W / sample
YDR155C-q GAAAAGGGATTCGGCTACGC YDR155C /sample
ALG9-qPCR-FP TGTTTAATCCGGGCTGGTTC ALG9 / standard
ALG9-qPCR-RP AGTGGACAGATAGCGTAGAGAG ALG9 / standard
sps_qpcr_f2 GCTTCTGCAACACCACTTTAC SPS100 / standard
sps_qpcr_r2 CGTTTGACTGGCTACCAGATAC SPS100 / standard

set of trimmed reads was aligned to the genomic sequence of S. cerevisiae strain S288C
(R64-1-1) using bowtie2 (v2.4.2, [119]). Aligned reads were counted using a custom script
(Python v3.9.2 with HTSeq v0.13.5, [120]) and the S288C gene annotation (R64-1-1).
Counts were analysed in R (v4.0.4) and tidyverse.

2.2 CASTLING

The methods for this part of the thesis were originally written for ref.[116] which were
jointly written by Benjamin Buchmuller and me. Custom material such as strains, plas-
mids and oligonucleotide sequences can be found in ref.[116].

2.2.1 SICs for individual genes
"Individual SICs were generated by PCR using a corresponding plasmid template […] and
using primers […] that introduced the required 5� and 3� homology arms along with a
locus-specific crRNA spacer. Cycling conditions for VELOCITY DNA polymerase-based
amplification (Bioline) were 97 °C for 3 min, followed by 30 cycles of 97 °C (30 s), 63 °C
(30 s), 72 °C (2 min 30 s), and a final 72 °C (5 min) extension hold. The reactions were
column purified and adjusted to equal SIC concentration before yeast cell transforma-
tion." [116]

2.2.2 SICs for pooled libraries
"The oligonucleotide pools used in this study were synthesized by either CustomArray
Inc. (pools A[…]), Twist Bioscience (pools B1 and B2), or Agilent Technologies ([genome-
wide pool]), and reconstituted in TE in case they arrived lyophilized. Pool dilution
and annealing temperature were optimized in each case to yield a uniform product of
the expected length […] To keep library member representation as uniform as possible,
using more input material and higher annealing temperatures is desirable, as this will
usually require fewer PCR cycles for amplification of the full-length synthesis product.
All […] pools were designed to allow for amplification in 15 cycles using Herculase II
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DNA polymerase (Agilent Technologies) with forward primer pool-FP2 (or pool-FP3, as
indicated) and reverse primers pool-RP2 (or pool-RP3). Cycling conditions were: 95 °C
for 2 min, followed by six cycles of 95 °C (20 s), touch down from 67 °C (20 s, �T = −1 °C
per cycle), 75 °C (30 s), then nine cycles of 95 °C (20 s), 67 °C (20 s), 72 °C (30 s), and a
final 72 °C (5 min) extension hold. Primers and truncated oligonucleotides (<75 bp) were
removed using NucleoSpin Gel and PCR clean-up columns (Machery-Nagel GmbH & Co.
KG). Feature cassettes were amplified by PCR using cognate cassette-FP and cassette-RP
and any compatible plasmid template (50 ng[…]) under the following conditions: 97 °C for
3 min, followed by 30 cycles of 97 °C (30 s), 63 °C (30 s), 72 °C (2 min 30 s), and a final
72 °C (5 min) extension hold. The reaction was treated with DpnI (New England Biolabs)
in situ and cleaned-up using NucleoSpin Gel and PCR clean-up columns. For PCR,
VELOCITY high-fidelity DNA polymerase (Bioline) was used with the manufacturer’s
reaction mix supplemented with 500 µM betaine (Sigma-Aldrich). For analysis, 2 µL of
the reaction were used for DNA gel electrophoresis (0.8% or 2.0% agarose in TAE (Tris-
acetate-EDTA)[…])." [116]

"Circularization of the amplified oligonucleotide pool (0.8 pmol) with the amplified feature
cassette (0.2 pmol) was performed using NEBuilder HiFi DNA Assembly Master Mix (New
England Biolabs) in a total reaction volume of 20 µL at 50 °C for 30 min. For analysis by
DNA gel electrophoreses, 10 µL of the reaction were used (0.8 % agarose in TAE[…])." [116]

"To amplify selectively the circular product from [the previous step], rolling circle am-
plification (RCA) using phi29 was used. First, the annealing mixture was set up (total
volume: 5 µL in a PCR tube) using 1 µL of the crude or gel-purified circularization re-
action, 2 µL exonuclease-resistant random heptamers (500 µM, Thermo Fisher Scientific),
1 µL of annealing buffer (stock: 400 mM Tris-HCl, 50 mM MgCl2, pH = 8.0), and 1 µL of
water. For annealing, the mixture was heated to 94 °C for 3 min and cooled down in ther-
mocycler at 0.5 °C/s to 4 °C. Then, 15 µL amplification mixture were added (consisting of
2.0 µL 10× phi29 reaction buffer, 2.0 µL 100 mM dNTP mix, 0.2 µL 100× bovine serum
albumin, 10 mg/mL, and 0.6 µL phi29 DNA polymerase; all from New England Biolabs).
Amplification was allowed to proceed for 12–18 h at 30 °C, followed by heat inactivation of
the enzymes at 80 °C for 10 min. For analysis by DNA gel electrophoresis (0.8 % agarose
in TAE), 0.5 µL of this reaction was used." [116]

"To release the SICs, 20 U of the restriction enzyme BstXI (New England Biolabs) were
added directly to the amplification reaction and the mixture was incubated for 3 h at
37 °C. Typically, such a reaction yielded 10–20 µg of SICs. For DNA gel electrophoresis,
1 µL was used[…]." [116]
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2.2.3 SIC fidelity estimation by NGS

"The oligonucleotide pools were analyzed by NGS […] after PCR amplification and after
recombineering, including UMIs for de-duplication […]. For the PCR amplicons, fragments
with UMIs were generated using 200 ng starting material (purified by ethanol precipita-
tion) in two cycles of PCR with Herculase II Fusion DNA Polymerase (Agilent Technolo-
gies) using an equimolar mixture of P023poolseqNN-primers (1 mM final concentration)
in a 25 µL reaction. Cycling conditions were based on the manufacturer’s recommenda-
tions (62 °C annealing, 30 s elongation). The reactions were purified with NucleoSpin Gel
and PCR clean-up columns using diluted NTI buffer (1:5 in water) to facilitate primer
depletion, and the fragments eluted in 20 µL 5 mM Tris-HCl (pH = 8.5) each. To remove
residual primers, 7 µL of eluate were treated with 0.5 µL exonuclease I (Escherichia coli,
New England Biolabs) in 1× Herculase II reaction buffer (1 h, 37 °C) and heat inactivated
(20 min, 80 °C). The reaction was used without further purification as input for a second
PCR (Herculase II Fusion DNA Polymerase, 30 cycles, 72 °C annealing, 30 s elongation) to
introduce indexed Illumina-TruSeq-like adapters (primer Ill-ONP-P7-bi7NN and Ill-ONP-
P5-bi5NN). The products were size selected on a 3 % NuSieve 3:1 Agarose gel (Lonza),
purified using NucleoSpin Gel and PCR clean-up columns, and quantified on a Qubit
Fluorometer (dsDNA HS Assay Kit, Thermo Fisher Scientific) and by quantitative PCR
(qPCR) (NEBNext Library Quant, New England Biolabs, LightCycler 480, Roche). SIC
pools were processed likewise using tRNA-seqNN and mNeon-seqNN as primers to intro-
duce UMIs. All samples were pooled according to the designed complexity and sequenced
on a NextSeq 550 system (Illumina) with 300 cycle paired-end chemistry." [116]

"We sequenced the oligonucleotide pool after PCR amplification, and the SIC pool ob-
tained from the recombineering procedure[…]. In the latter instance, fragments compati-
ble with Illumina NGS were generated digesting the products of RCA with Bts�I (55 °C,
90 min, New England Biolabs) and SalI-HF (37 °C, 90 min, New England Biolabs). The
fragments were column purified, diluted to 100 ng/µL, and blunted using 1 U/µg mung
bean nuclease under the appropriate buffer conditions (New England Biolabs). The DNA
fragments of 150–200 bp length were gel extracted on 3 % NuSieve 3:1 Agarose (Lonza).
Both samples were sequenced by GATC Biotech AG (Konstanz, Germany) using Illumina
MiSeq 150 paired-end NGS technology." [116]

2.2.4 SIC transformation

"For transformation of individual SICs or SIC pools, Cas12a-family proteins were tran-
siently expressed by making frozen competent cells using either yeasts strains with GAL1-
controlled Cas12a proteins grown in YP (1 % yeast extract + 2 % peptone) or SC (syn-
thetic complete) medium containing 2 % (w/v) raffinose and 2 % (w/v) galactose as carbon
source. For transformation [24], the heat shock was extended to 40 min and no dimethyl

19



2.2 CASTLING 2 Methods

sulfoxide was added. Recovery of cells that required selection for dominant antibiotic re-
sistance markers (G-418, hygromycin B and clonNAT [25]) was allowed for 5–6 h at room
temperature in YP-Raf/Gal (yeast extract peptone dextrose medium containing raffinose
and galactose) or YPD (yeast extract peptone dextrose) to proceed prior to plating them
on corresponding selection plates." [116]

"SIC pools were transformed at a total of 1 µg per 100 µL of frozen competent yeast
cells (approximately 2 × 108 cells). Per library approximately 5 of such transforma-
tion reactions were combined corresponding to a yeast culture volume of 50 to 100 mL
(OD600 = 1.0) to generate the competent cells. The number of transformants per library
was calculated from serial dilutions. Replica plating on selective plates was used to exclude
transiently transformed clones. After outgrowth, libraries were harvested in 15 % glycerol
and stored at –80 °C. For subsequent experiments, including genotyping, approximately
10,000 cells per clone were inoculated in YPD, diluted to OD600 = 1.0 (approximately
50 mL of culture), and grown overnight. If necessary, a second dilution was performed to
obtain cells in exponential growth phase." [116]

"Each transformation mixture was split into two parts containing 1/20 (libA) or 19/20
(libB) of the volume. The largest sample was plated onto four 25 × 25 cm2 square plates
with YPD + G-418. No replica plating was performed before the libraries were cryo-
preserved in 2.5, 10, and 50 mL of 15 % glycerol, respectively." [116]

"For libraries libC, and the small nuclear library[…], the transformation mixture was plated
onto two 25 × 25 cm2 plates with YPD + hygromcycin B." [116]

2.2.5 Fluorescence microscopy
"Cells were inoculated at an OD600 = 0.5 per condition in 5 mL low-fluorescent SC medium
(SC-LoFlo [121]) from cryopreservation stocks and grown overnight, followed by dilution
to OD600 = 0.1 in 20 mL SC-LoFlo the next morning and imaging during mid-exponential
growth in the afternoon. Cells were attached to glass-bottom 96-well microscopy plates
(MGB096-1-2-LG-L, Matrical) using concanavalin A coating [122]. High-resolution flu-
orescence micrographs were taken on a Nikon Ti-E epifluorescence microscope equipped
with a 60x ApoTIRF oil-immersed objective (1.49 NA, Nikon), a 2048 × 2048 pixel (6.5 µm),
an sCMOS camera (Flash4, Hamamatsu), and an autofocus system (Perfect Focus Sys-
tem, Nikon) with either bright field, 469/35 excitation and 525/50 emission filters, or
542/27 excitation and 600/52 emission filters (all from Semrock except 525/50, which
was from Chroma). For each condition, a z-stack of 10 planes at 0.5 µm distance was
acquired each with a bright field, a short (75 % excitation intensity, 10 ms) and a long
fluorescence exposure (100 % excitation intensity, 100 ms) regimen. For display, the fluo-
rescent image stacks were z-projected for maximum intensity, and cell boundaries taken
from out-of-focus bright field images. For imaging cells of the small nuclear [libraries],
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cells were inoculated from cryopreservation stocks and grown overnight in selective syn-
thetic media (SC with monosodium glutamate and hygromycin B). The next morning,
the cells were diluted in the same medium and grown to mid-exponential phase. Z-stacks
were acquired using 17 planes and 0.3 µm spacing between planes." [116]

2.2.6 Fluorescence-activated cell sorting
"A homogenous population of small cells (mostly in the G1 phase of the cell cycle) were
selected using forward and side scatter. Single cells were sorted according to fluorescence
intensity using fluorescence-activated cell sorting performed on a FACSAria III (BD Di-
agnostics) equipped for the detection of green fluorescent proteins (excitation: 488 nm,;
long pass: 502LP,; bandpass: 530/30). We first isolated cells (three million in total),
which represented roughly the 30 % most fluorescent cells in library #1.1 […] as judged
by comparison to cells from strain ESM356-1, which was used as a negative control. The
population of fluorescent cells was then grown to exponential phase and sorted into eight
fractions (bins) of 125,000 cells each (except for 62,500 cells sorted into bin 8) using bin
sizes of roughly 5 % (bin 1), 20 %, 20 %, 20 %, 25 %, 5 %, 5 %, 1 % (bin 8) according to
the log10-transformed intensity of fluorescence emission of small (G1) cells. Sorted pools
were grown overnight and the cells were harvested for genomic DNA extraction and target
enrichment NGS by Anchor-Seq." [116]

2.2.7 Library characterization by Anchor-Seq
Anchor-Seq enrichment was performed as described in section 2.1.1 and the samples were
sequenced using Illumina technology as follows.

"After size selection by gel extraction (250–600 bp), NGS library concentrations were
measured by Qubit Fluorometer (dsDNA HS Assay Kit, Thermo Fisher Scientific) and
by qPCR (NEBNext Library Quant, New England Biolabs, LightCycler 480, Roche).
Furthermore, their size distribution was verified either on a Fragment Analyzer (Advanced
Analytical Technologies Inc) or by gel electrophoresis of the qPCR product. Quantified
libraries were sequenced […] or on a NextSeq 550 sequencing system (both Illumina, 300
cycle paired end). If necessary, 10–15 % phiX gDNA was spiked in to increase sequence
complexity." [116]

"For MinION nanopore sequencing, the first PCR was carried out as described [in sec-
tion 2.1.1] for library #1.1 (using 20 cycles) to introduce barcodes for multiplexing FACS
bins on the same sequencing run, column purified, and the NGS library was prepared
for 1D sequencing by ligation (SQK-LSK108) according to the manufacturer’s protocols
(Oxford Nanopore Technologies). Sequencing was performed on a MinION device using
R9.4 chemistry (Oxford Nanopore Technologies). Samples were multiplexed considering
the number of different clones present in a pool, bin size, gDNA yield after extraction,
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and yield of the first PCR." [116]

2.2.8 Insertion junction sequencing of non-fluorescent cells
"Cells from library 1a were grown in selective synthetic media (SC with monosodium glu-
tamate and hygromycin B) for approximately eight generations, and non-fluorescent cells
were sorted into glass-bottom 384-microscopy plates using a FACS Aria III as described [in
section 2.2.6]. The absence of fluorescence was confirmed by fluorescence microscopy and
60 non-fluorescent clones were pooled and grown overnight to full density. Anchor-Seq
amplicons were prepared as described [in section 2.2.7] using primers NegCells-NNN[…].
The amplicons were size selected (~600 bp) and cloned using the NEB PCR Cloning Kit
(New England Biolabs). The resulting amplicons were Sanger sequenced at Eurofins Ge-
nomics (Cologne, Germany)." [116]

2.2.9 Illumina NGS data analysis and read counting
"Raw reads (150 bp paired-end) were trimmed and de-multiplexed using a custom script
written in Julia v0.6.0 with BioSequences v0.8.0. Read pairs were retained upon detec-
tion of basic Anchor-Seq adapter features. Next, these reads were aligned to a reference
with all targeted loci using bowtie2 [119] v2.3.3.1. Such references comprised the constant
sequence starting from the feature cassette amplified by PCR and 600 bp of the respec-
tive proximal genomic sequence of S. cerevisiae strain S288C (R64-2-1). For off-target
analysis, the constant Anchor-Seq adapter features were trimmed off the reads. The re-
maining variable sequence of the reads was then aligned with bowtie2 to the complete
and unmodified genome sequence of S. cerevisiae strain S288C (R64-2-1). A read pair
that aligned to the reference was counted if both reads of the pair were aligned, such
that the forward read started at the constant region of the Anchor-Seq adapter-specific
primers. In addition, we set the requirement that the inferred insert size was longer than
the sequence provided for homologous recombination during the tagging reaction. Count-
ing was implemented using a custom script (Python v3.6.3 with HTSeq 0.9.1 [120] and
pysam 0.13). In case UMIs were included in the Anchor-Seq adapter design, they were
normalized for sequencing errors using UMI-tools (version 0.5.3)[123] ." [116]

"For analysis of data obtained from amplicon sequencing (i.e., from PCR and SIC am-
plification reactions), the reads were either denoised from sequencing errors using dada2
(version 1.5.2)[124] to evaluate fidelity and abundance or directly aligned with bowtie2
to a reference build from the designed oligonucleotides. Denoised reads were assigned to
loci based on the minimal hamming distance to designed oligonucleotides." [116]

2.2.10 Analysis of nanopore sequencing data and read counting
"Nanopore sequencing yields very long reads. Therefore, the reference was assembled as
aforementioned but using 2000 bp of the locus-specific sequences plus the constant se-
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quence of the cassette enriched by the Anhor-Seq reaction. MinION data were basecalled
using the Albacore Sequencing Pipeline Software v2.0.2 (Oxford Nanopore Technologies).
For data analysis, a custom script was used to extract and de-multiplex informative se-
quence segments from all reads based on approximate matching of amplicon features (e.g.,
the constant region of the vectorette or feature cassette; Julia v0.6.0 with BioSequences
v0.8.0, see above). Matching with a Levenshtein distance of 1 was sufficient to discrim-
inate between the barcodes used in this study. Then, the extracted sequence segments
were aligned to the reference using minimap2 (v2.2-r409)[125], using the default param-
eters (command line option: “-ax map-ont”) for mapping of long noisy genomic reads.
Only reads that mapped to the beginning of the reference were counted using a custom
shell script." [116]

Calculation of fluorescence intensity estimates are outlined in detail in ref.[116].

2.3 Mammalian PCR tagging

The methods for this part of the thesis were originally written for ref.[117] for which I wrote
the section on targeted amplicon NGS and Anchor-Seq and Tn5-Anchor-Seq applications.
Custom material such as oligonucleotide sequences can be found in ref.[117].

2.3.1 Tissue culture and transfection
"HEK293T […] cells were grown in DMEM high glucose (Life Technologies) supplemented
with 10 % (vol/vol) FBS (Gibco) […] [and] were grown at 37 °C with 5 % CO2 and regularly
screened for mycoplasma contamination." [117]

"Transfection of HEK293T […] cells was performed using Lipofectamine 2000 (Invitrogen)
according to protocol of the manufacturer and using a 24-well format. If not stated oth-
erwise, 500 ng Cas12a plasmid and 500n g of the PCR cassette were used for transfection
of 1 well in a 24-well plate." [117]

2.3.2 Cell counting and fluorescence microscopy
"[F]or live-cell imaging, cells were split 24 h after transfection into eight-well µ-slides
(Ibidi). Analyses of transfected cells were performed 3 d after transfection or as described
in the figure legends. Cells were stained with Hoechst 33342 (4 µg/ml in PBS, Thermo
Fisher Scientific) for 5 min, and then the medium was changed to FluoroBrite (Thermo
Fisher Scientific) supplemented with 10 % FBS (Gibco) and 20 mM Hepes-KOH, pH 7.4
(Thermo Fisher Scientific)." [117]

"For counting and imaging, different microscopes were used: a Nikon Ti-E widefield epiflu-
orescence microscope or a DeltaVision, each with 60× oil immersion objectives (1.49 NA,
Nikon; 1.40 NA, DeltaVision). Z stacks of 11 planes with 0.5 µm spacing were recorded
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with 100 ms exposure time. Single-plane images and maximum intensity Z projections
are shown. Subcellular localizations were identified and scored visually." [117]

"For cell counting, random fields of view were inspected in the HOECHST/DAPI channel,
and all nuclei present in the entire field of view were counted. Cells containing transfected
fluorescent protein–expressing cassettes were then counted subsequently in the same fields
of view using the appropriate illumination wavelengths. In some experiments, counting
was done using images recorded in the same manner." [117]

2.3.3 Preparation of genomic DNA (gDNA)

"gDNA for experiments shown in all figures except [for fidelity and on-/off-target anal-
ysis] was isolated from HEK293T cells […]. After washing with PBS, confluently grown
cells from a well on a 6-well plate were lysed in 600 µl SNET buffer (20 mM Tris, pH 8.0,
400 mM NaCl, 5 mM EDTA, pH 8.0, and 1 % SDS), and 2 µl of RNase A (10 mg/ml RNase
A, 10 mM Tris-HCl, pH 8.0, and 10 mM MgCl2) was added for 30 min at room tempera-
ture. Afterwards, proteinase K (20 mg/ml proteinase K, 50 mM Tris-HCl, pH 8.0, 1.5 mM
CaCl2, and 50 % glycerol) was added for another 30 min at room temperature. Proteins
were precipitated using 200 µl 3 M K-acetate solution, followed by precipitation of the
DNA with isopropanol and washing with 70 % ethanol. DNA was dried and dissolved in
TE (10 mM Tris and 1 mM EDTA) buffer. gDNA for [fidelity and on-/off-target analysis]
experiments were purified according to the instructions of the manufacturer using the
High Pure PCR Template Preparation Kit (Roche) followed by RNase A digest and a
final purification with the High Pure PCR Product Purification Kit (Roche)." [117]

2.3.4 Targeted next-generation sequencing of tagged and wild-type alleles

"Tag- and wild type–specific amplicons from cells […] were generated from 200 ng gDNA
using junction-specific primers by a two-step nested PCR with Velocity polymerase (Bi-
oline). The first PCR reaction was performed for 15 cycles with 60 °C annealing and
30 s elongation and then purified with AMPure XP PCR beads (Beckman Coulter). The
second PCR was performed for 15 cycles for wild type–specific and for 21 cycles for tag-
specific amplicons, respectively, using 60 °C annealing and 30 s elongation. PCR products
were size selected by gel electrophoresis on 2 % agarose/TAE and gel extracted by column
purification (Macherey-Nagel). Amplicons were paired-end sequenced with 500 cycles on
a MiSeq system (Illumina) using the Amplicon-EZ (150–500 bp) service by Genewiz to ac-
quire at minimum 13,123 reads per sample. Paired reads were merged and aligned to the
respective expected amplicon references using CRISPResso (v2.0.29; [[126]]) with parame-
ters “cleavage_offset,” 1; and “window_around_sgrna,” 0. Mutations were subsequently
quantified using a custom R script excluding primer binding sites in the analysis." [117]
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2.3.5 NGS of gDNA by Anchor-Seq and Tn5-Anchor-Seq

Sequencing libraries for data presented in Figure 3.20 were prepared as described in sec-
tion 2.2.7 with UMI-containing adapters [117].

"Quantified libraries were sequenced paired-end with 300 cycles on a NextSeq 550 sequenc-
ing system (Illumina) with a spike-in of 20 % phiX gDNA library (Illumina). Raw reads
were trimmed from technical sequences (adapter and cassette sequences) using custom
scripts (Julia v0.6.0 and BioSequences v0.8.0). The trimmed reads were aligned to the
human reference genome (Genome Reference Consortium Human Build 38 for alignment
pipelines) using bowtie2 (v2.3.3.1; [119]). Template cassette sequences were included in
the reference genome as decoy. Aligned reads were grouped with UMI tools [123] based
on UMIs included in the Anchor-Seq adapters. Enriched integration sites were further
evaluated and counted using IGV (v2.4.10; [[127]])." [117]

Sequencing libraries for fidelity and on-/off-target analysis were prepared by Tn5-Anchor-
Seq. For this tagmentation was performed as in section 2.1.2 using primers published
in [117]. The resulting Tn5-Anchor-Seq sequencing libraries were sequenced as mentioned
above.

"Raw reads were trimmed as already mentioned, but aligned to the human reference
genome supplemented with PCR cassette sequences with bwa mem (v0.7.17-r1188; [128]).
Mapped insertion sites were summarized by a custom R script and further evaluated and
counted using IGV (v2.4.10; [127])." [117]

2.4 RT-LAMP assay and LAMP-sequencing for SARS-CoV-2 detection

The methods for this part of the thesis were originally written for ref.[115] for which I wrote
the section on the LAMP-sequencing method. A protocol version of these methods was
published as ref.[129] which was written by me. Custom material such as oligonucleotide
sequences can be found in ref.[115] and ref.[129].

2.4.1 Clinical sample handling

"Specimens were collected as nasopharyngeal and oropharyngeal flocked swabs in Amies
medium (eSwab, Copan Italia). The sample collection happened as part of the routine
operation of Heidelberg University Hospital and at public testing stations set up by the
City of Heidelberg […]. Collected samples were transported in sterile containers, delivered
to the diagnostic laboratory within a few hours, and then examined directly or stored at
4 °C until further processing. Samples were processed in a biosafety level 2 cabinet until
inactivation by heat or mixing with a lysis buffer." [115]

25



2.4 RT-LAMP assay and LAMP-sequencing for SARS-CoV-2 detection 2 Methods

2.4.2 RNA isolation and RT-qPCR
"RNA was isolated from nasopharyngeal and oropharyngeal swab specimens using QIA-
GEN kits (QIAGEN, Hilden, Germany); either automated on the QIASymphony (DSP
Virus/Pathogen Mini Kits) or QIAcube (QIAamp Viral RNA Mini Kits) devices or man-
ually (QIAamp Viral RNA Mini Kits). […] RT-qPCR for the quantification of the SARS-
CoV-2 viral genome was performed using kits and reagents from TIB MOLBIO Synthese-
labor, Berlin, Germany. The kits were used according to the manufacturer’s instruction
and contained the primer/probe sets developed based on the published Sarbeco primer
set [103]. Per 20-µl reaction, the master mix contained 5.4 µl of RNAse free water, 4.0 µl of
LightCycler Multiplex RNA Virus Master (Roche, Basel, Switzerland), 0.5 µl of LightMix
Modular SARS and Wuhan CoV E gene (cat. no. 53-0776-96; TIB MOLBIOL Synthe-
selabor GmbH, Berlin, Germany) or LightMix Modular SARS and Wuhan CoV N gene
(cat. no. 53-0775-96; TIB MOLBIOL), 0.5 µl of LightMix Modular EAV RNA Extraction
Control (cat. no. 66-0909-96; TIB MOLBIOL), and 0.1 µl of reverse transcriptase enzyme
(LightCycler Multiplex RNA Virus Master, Roche, Basel, Switzerland). The master mix
(10 µl) was distributed per reaction into 96-well plates, and 10 µl of purified RNA was
added per well. The performance of the RT-qPCR was validated using a positive con-
trol for the E gene. A total of 1000 molecules of E gene RNA per RT-qPCR reaction
correspond to a CT ≈ 30." [115]

2.4.3 RT-LAMP primer design and positive control
"The RT-LAMP primer sets used in this study have been designed by Zhang et al. [130]
against ORF1a and N gene and were synthesized by Sigma-Aldrich (synthesis scale,
0.025 µmol; purification, desalt; solution, water). An RNA-positive control for the N
gene was amplified from a short fragment from 2019-nCoV_N_Positive control plas-
mid [Integrated DNA Technologies (IDT), 10006625] with oligonucleotides T7-GeneN-
Fragment.for and GeneN-Fragment.rev including the T7 promoter and a subsequent IVT
with the MEGAscript T7 Kit (Invitrogen) purified using the RNeasy MinElute Cleanup
Kit (QIAGEN)." [115]

2.4.4 RT-LAMP assay
"Assays were assembled in total reaction volumes of either 12.5 µl (for LAMP assays
using isolated RNA) […]. Master mixes were prepared at room temperature for each
reaction immediately before use with either 6.25 or 10 µl, respectively, of the WarmStart
Colorimetric RT-LAMP 2X Master Mix (M1800, New England Biolabs) and 1.25 or 2 µl,
respectively, of the 10× primer mix, filled up to 11.5 or 19 µl with nuclease-free water
(AM9937, Ambion). Values given are for one reaction: For a 96-well plate, 100 times
larger volumes were used, and the LAMP mix was distributed to the wells of a 96-well
plate (4ti-0960/C, Brooks Life Sciences or 0030128672, Eppendorf) before pipetting 1 µl
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of sample into each well of the plate […]. Plates were prepared immediately before use
to limit exposure of the LAMP reagents to atmospheric CO2 (to prevent acidification of
the reaction) and kept on an ice-cold metal block. Plates were sealed using a transparent
adhesive foil (GK480-OS, Kisker Biotech), and the reactions were incubated in a PCR
cycler at 65 °C for 15 to 60 min with the lid heated to 75 °C. To perform measurements at
the indicated time points, the reactions were taken out of the PCR cycler and placed into
an ice cold metal block for 30 s. […] Absorbance measurements were performed with a
Spark Cyto or Infinite M200 (Tecan) at 434 and 560 nm with 25 flashes. These two peaks
from phenol red are strongly changing during the acidification of the reaction (434 nm
absorbance is increased, 560 nm absorbance is decreased). To obtain a good readout of
the color change, absorbance at 560 nm was substracted from the one at 434 nm. This
difference was denoted ΔOD." [115]

"Sensitivity and specificity values were obtained from count tables as follows: Specificity
of the RT-LAMP assay was calculated as the fraction of RT-qPCR–negative samples
that were also negative in the RT-LAMP assay. Sensitivity for a given CT interval was
calculated as the fraction of all samples with an RT-qPCR CT value in that interval
that was positive in the RT-LAMP assay. In both cases, 95 % confidence intervals were
calculated by interpreting the fractions of counts as binomial rates and then using Wilson’s
method for binomial confidence intervals as implemented in the R package binom. The R
code used to perform analyses and produce figures can be found on GitHub, together with
all data tables: https://github.com/anders-biostat/LAMP-Paper-Figures." [115]

2.4.5 LAMP-sequencing

Tn5-Anchor-Seq was adapted for sequencing RT-LAMP reactions as detailed below.

"[T]ransposon adapters containing well-defining barcodes and unique molecular identifiers
(UMIs) were annealed by mixing 25 µM oligos (P5-UMI-xi5001…5096-ME.fw, Tn5hY-Rd2-
Wat-SC3) in 5 µM tris-HCl (pH 8), incubating at 99 °C for 5 min, and slowly cooling
down to 20 °C within 15 min in a thermocycler. Transposons were assembled by mixing
Tn5(E54K, L372P) transposase (100 ng/µl) [purified according to [86]] with 1.25 µM an-
nealed adapters in 50 mM Tris-HCl (pH 7.5) and incubating the reaction for 1 hour at
23 °C. Tagmentation was carried out by mixing 1.2 µl of the RT-LAMP product (~200 ng
DNA) with 1.5 µl of loaded transposase in freshly prepared tagmentation buffer [10 mM
[tris(hydroxymethyl)methylamino]propanesulfonic acid) (TAPS)] (pH 8.5), 5 mM MgCl2,
and 10 % (v/v) dimethylformamide] using a Liquidator 96 Manual Pipetting System (Met-
tler Toledo). The reactions were incubated at 55 °C for 10 min. Reactions were stopped
by adding SDS to a final concentration of 0.033 %. Tagmented DNA of each plate was
pooled and size-selected using a two-step AMPureXP bead (Beckman Coulter) purifica-
tion to target for fragments between 300 and 600 bp. First, 50 µl of pooled reaction was
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mixed with 50 µl of water and bound to 55 µl of beads to remove large fragments. To fur-
ther remove small fragments, the supernatant of this reaction was added to 25 µl of fresh
beads and further purified using two washes with 80 % ethanol before the samples were
finally eluted in 10 µl of 5 mM tris-HCl (pH 8). One PCR per plate with 1 µl of the elu-
ate and RT-LAMP–specific and Tn5-adapter–specific primers (P7nxt-GeneN-A-LBrc and
P7-xi7001…7016, P5.fw) was performed using NEBNext Q5 HotStart polymerase (New
England Biolabs) with two cycles at 62 °C for annealing and 90 s elongation, followed by
two cycles at 65 °C for annealing and 90 s elongation, and 13 cycles at 72 °C annealing and
90 s elongation. All PCR reactions were combined and 19 % of this pool was size-selected
for 400 to 550 bp using a 2 % agarose/tris-acetate-EDTA gel and column purification
(Macherey-Nagel). The final sequencing library was quantified by qPCR (New England
Biolabs) and sequenced with a paired-end sequencing run on a NextSeq 550 machine (Il-
lumina) with 20 % phiX spike-in and 136 cycles for the first read, 11 cycles to read the
11-nt-long plate index (i7) and 20 cycles to read the 11-nt-long well index (i5) and the
9-nt-long UMI."[115]

"For trimming of the reads (i.e., removal of P7 Illumina adapter sequences), cutadapt (ver-
sion 2.8) [131] was used. For validation of the origin of the sequence of the LAMP product
(Figure 3.28b), 107 reads were randomly selected and used for the analysis. Reads were
mapped to the SARS-CoV-2 reference genome (NC_045512.2) [132], using bwa-mem with
default settings (version 0.7.17-r1188) [128] . Virus genome coverage was determined with
the samtools depth command (version 1.10) [133]. Using bwa-mem, 80.6 % of reads could
be mapped to the virus genome (Figure 3.28c, 3.30a). To analyze the remaining sequences,
a k-mer analysis using a custom script was performed. Using 9-mers, this matched 93.5 %
of the nonmapped reads with a maximal Levenshtein distance of two to one of the LAMP
primers or their reverse complement sequences (Figure 3.28b). This is explained by the
fact that LAMP products can consist of complex sequence rearrangements."[115]

"For classification of samples by LAMP-sequencing, reads were assigned to wells and
counted using custom scripts [https://github.com/anders-biostat/LAMP-Paper-Figures/
tree/master/LAMP-sequencing_raw_read_processing]. A read was considered as a
match to SARS-CoV-2 N gene if at least one of three short sequences (~13 nt, marked
orange in fig. S4A) not covered by RT-LAMP primers was found in the read, otherwise
it was counted as unmatched. Sequencing reads were grouped by UMI and by position of
the matched sequence with the aim of removing PCR duplicates. A sample was consid-
ered if more than 200 total UMIs were observed and called positive if more than 10,000
virus-matching UMIs were observed."[115]
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3 Results

3.1 Development of Anchor-Seq for genome walking sequencing

From time to time it is desirable to characterize only a certain region of the genome. In
particular, following a gene targeting experiment, successful editing needs to be validated,
ideally, by amplification and sequencing. In case of sequence knock-ins and specifically
for gene taggings the correct insertion site must be confirmed.

For example, a feasible strategy was needed to validate clones during the construction of
a large collection of Saccharomcyes cerevisiae strains in the lab. In each strain of this
collection a different gene is C-terminally tagged with a heterologous DNA cassette [134].
The purpose of this library required determination of the exact sequences of the region
encompassing the junction of the cassette and the genomic integration site. For single
strains this would have been easily achievable by PCR amplification and sequencing with
gene specific primers. Nevertheless, such an effort would have been an unrealistic effort
for the 6014 strains originally targeted during the construction of the collection.

A protocol needed to be established which would allow for specific enrichment of the re-
gion adjacent to the termini of the tagging cassette followed by NGS to determine the
sequences of these enriched regions. For this vectorette PCR which allows for such tar-
geted amplifications [91] was adapted to an Illumina NGS workflow. In this protocol the
sequence of the integrated tag serves as anchor for specific amplification of molecules con-
taining the junction between the tag and adjacent sequences. Consequently, this protocol
was termed Anchor-Seq (Figure 3.1) [134].

The original Anchor-Seq procedure can be summarized as follows: After genomic DNA
(gDNA) extraction, the DNA was sheared using focused sonication which creates ran-
domly fragmented molecules with a variety of end conformation (e.g. 5’ and 3’ ssDNA
overhangs). These ends were homogenized using an enzymatic end repair and A tail-
ing. Vectorette adapters were ligated to these molecules and excess adapters removed.
Cassette-adjacent sequences were amplified by PCR using tagging cassette-specific and
a vectorette-adapter-specific primers (Figure 3.1a). The design of the vectorette adapter
with partially unmatching sequences allows for exponential amplification only after DNA
polymerase extension had initiated from the binding of the cassette-specific primer. Hence,
only molecules which contain this tagging-cassette-specific binding site can serve as tem-
plate in the PCR reaction allowing for selective enrichment of cassette adjacent sequences
(Figure 3.1b). The cassette-specific primer was selected to allow to sequence upstream
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of the C-terminal cassette, i.e. the 3’-terminal coding sequence of the tagged gene was
sequenced. Because this enrichment approach prior to NGS is invariant to the sequence
adjacent to the anchor site all strains of the library could be pooled into one sample and
sequenced simultaneously using barcodes introduced during the PCR steps [134, 135].
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Figure 3.1: Anchor-Seq workflow using vectorette PCR. (a) Isolated genomic DNA is frag-
mented by sonication. Enzymatic end repair prepares DNA fragments for AT-ligation with pre-annealed
vectorette adapters. In a first round of PCR only molecules containing the anchor sequence can serve as
template for amplification because the vectorette primer has the same sequence as the vectorette adapter.
This means it can only bind after DNA extension has initiated from the anchor-specific primer. A sec-
ond PCR is used for further amplification and attachment of sequencing adapters. Before NGS a size
selection is performed to remove short amplicons which do not contain enough sequence information. (b)
Sequences of the vectorette adapter and primers conferring specificity to the first PCR step in (a). A
3-dideoxycytosine group (3ddC) is used to inhibit adapter concatenation.

3.1.1 Tagmentation mediated Anchor-Seq (Tn5-Anchor-Seq)
The original Anchor-Seq protocol involves random fragmentation of the gDNA by me-
chanical shearing with sonication. The ends of the resulting fragments then need to be
repaired by enzymatic treatment so that they can be used for adapter ligation. A major
limitation of this multi-step approach is that it is time- and cost-intensive and therefore
difficult to upscale leading to an inherent low overall experimental throughput. Therefore,
multiplexing of a larger number of samples (more than 30 samples) will be increasingly
tedious. In addition, the specificity of the enrichment could be improved as I readily
observed that 40-70 % of reads did not contain the expected sequence elements of the
anchor or adapter and consequently needed to be discarded as off-target amplifications.

I therefore set out to develop an improved Anchor-Seq protocol which aimed at both
increased scalability and specificity. In order to achieve this goal I integrated into the
existing workflow two experimental approaches which are already widely applied in NGS
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protocols. First, tagmentation can serve as an alternative for the introduction of techni-
cal adapter sequences which are required for performing the sequencing in NGS library
preparations. It simplifies the experimental procedure by combining the steps of gDNA
fragmentation and adapter ligation into one single enzymatic reaction [83]. Secondly,
higher specificity in PCR-based NGS library enrichment was accomplished by using a
nested PCR design.

I combined these ideas into a new Anchor-Seq protocol (Tn5-Anchor-Seq ) in which tag-
mentation substitutes the mechanical shearing, end repair and adapter ligation steps of
the original Anchor-Seq protocol unifying the adapter introduction into a single protocol
step. The tagmentation adapter contains an index which means that samples can be
pooled after tagmentation and before the subsequent PCR steps. The second sequencing
adapter contains an additional index and is introduced during the second PCR. By utiliz-
ing different anchor-specific binding sites for each PCR reaction a nested PCR design is
achieved to increase specificity. Furthermore, when the anchor-specific primer of the first
PCR is biotinylated it might be possible to further increase specificity by performing a
biotin-streptavidin-capture step before the second PCR (Figure 3.2a). The technical se-
quences of the tagmentation adapters were redesigned to represent the halfY structure of
an annealed long and short oligonucleotide more commonly used for tagmentation exper-
iments and to alleviate some of the hurdles we observed earlier for the vectorette design
(Figure 3.2b and c). The sequences are the same as the library molecules of Illumina Nex-
tera protocol which allows for direct adaptation of the commercial sequencing kit without
the use of custom sequencing primers. These sequences also encompass the mosaic se-
quence (ME) required by the Tn5 transposase complex for binding to the DNA adapters
(Figure 3.2b). The P5 and the P7 sites determine which molecule side is sequenced first
during paired-end sequencing. In the original Anchor-Seq protocol the first read always
started directly before the anchor sequence. This meant that the initial bases of the first
read are the same for all sequencing reads and this reduced diversity often results in poor
Illumina run quality and loss of overall read output [136]. In contrast, placing the P5
sequence at the randomly inserted tagmentation adapter naturally leads to increased vari-
ability of the initial bases of each read and therefore should help to improve overall run
output and quality (Figure 3.2c). The tagmentation adapter not only contains a barcode
(i5) which can be used for sample multiplexing but also a unique molecular identifier
(UMI) which can be used to computationally correct for PCR bias [137]. For most of the
experiments which are presented here an Illumina NextSeq 550 machine was used which
reads the i5 index in the tagmentation adapter in 3’ to 5’ direction. This means that one
can control reading of the UMI by adding the respective number of sequencing cycles to
index read 2. The anchor-specific primer which contains the P7 site can also be barcoded
so that higher levels of multiplexing can be achieved. Including a heterogeneity spacer
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after the sequencing primer binding site (Figure 3.2c) improves run quality further for the
second read.
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Figure 3.2: Anchor-Seq workflow using tagmentation (Tn5-Anchor-Seq ). (a) Adapters for
anchor-specific molecule amplification are introduced to isolated genomic DNA via tagmentation. This
step also randomly fragments DNA to a certain size range. Bead-based size-selection removes adapters
which have not been incorporated. As in the original Anchor-Seq protocol only molecules containing an
anchor sequence can proceed for amplification although the design of the adapter is different (see also
panel b and c). This first PCR can be performed with a biotinylated primer which allows for optional
biotin-streptavidin-capture before the second PCR. The second NGS adapter is introduced during the
second PCR using a binding site upstream of the first anchor sequence. This nested PCR design helps
to improve specificity. Amplicons are size-selected via gel electrophoresis and sequenced using a modified
sequencing routine (see panel c). (b) Sequences of the tagmentation adapter which follows a halfY
design. A 3’-C3-Spacer group is used to inhibit primer extension by the DNA polymerase in the first
PCR step which would preclude specific amplification of the anchor-containing molecules. The adapter
also contains a unique molecular identifier (UMI) for the correction of potential PCR bias. (c) Sequences
of anchor-containing molecules after first (top) and second PCR (bottom). The P7 site can contain a
heterogeneity spacer (HS) which improves diversity of the start of read 2 and therefore sequencing quality.
The single NGS reads for sequencing insert and indices are also shown. Note, that the index read 2 is
used to sequence i5 index as well as the UMI.

First, it needed to be validated if the halfY adapter design has acceptable performance in
comparison to the earlier used vectorette adapter design. An experiment was performed in
which genomic DNA was framgented by sonication and either vectorette or halfY adapter
were ligated to the end repaired fragments. The genomic DNA was prepared from pooled
yeast libraries which were constructed using the CASTLING strategy (discussed in more
detail in the following section 3.2) and contained a mixture of strains with C-terminally
tagged genes at various strain concentrations. Four different genes tagged in those libraries
were quantified by qPCR and the enrichment with respect to the quantification in the
input genomic DNA was determined (Figure 3.3). Compared to the vectorette adapter
the halfY adapter design resulted in a 30-fold reduced enrichment. Nevertheless, after
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enrichment the abundance of these genes was still almost 30 million fold over the genomic
DNA abundance and was therefore considered as being sufficient for successful genome
walking sequencing.
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Figure 3.3: Enrichment factors of two different Anchor-Seq adapter designs. Genomic DNA
from three different pooled C-terminal tag libraries were used as samples. The libraries (P02-1/-2a/-2b)
were prepared by the CASTLING strategy (see following section 3.2). The respective DNA was used as
input for an Anchor-Seq enrichment but using either the standard vectorette or halfY adapter design.
Four different genes tagged in those libraries were quantified by qPCR (primer_pairs) and enrichment was
calculated with respect to the input genomic DNA. For each gene the mean of three technical replicates
is shown. Horizontal bars indicate median of all quantification and the bars are further labeled with the
respective enrichment value (x106-fold).

After validating that enrichment can be performed with a halfY adapter design the next
step was to establish conditions for tagmentation which perform well in the Anchor-Seq
context. A critical aspect for Anchor-Seq performance is the size distribution of the
NGS library molecules. The longer the molecules are the more they inform about the
sequence adjacent of the anchor sequence. Molecule size distributions after tagmentation
are partially determined by the concentration ratio of Tn5 enzyme to genomic DNA.
This mainly depends on the activity of the Tn5 preparation and should be determined
for every batch individually [86]. I performed a tagmentation experiment in which I
added various amounts of loaded Tn5 complex to a defined amount of genomic DNA
(ratio 0.6 to 10) and used this reactions as input for the first PCR of the proposed
Tn5-Anchor-Seq protocol. Material from the first PCR step was then used for the second
PCR step and both PCR reactions were resolved by DNA gel electrophoresis to inspect
approximate fragment size distributions (Figure 3.4). I could observe that amplicon sizes
decreased with increasing amounts of loaded Tn5 complex in the reaction. A broad size
distribution between approximately 0.3 and 3 kbp was observed for reactions in which 0.6-
to 2.5-times loaded Tn5 complex was used with respect to the input DNA concentration.
Since this size distribution is favorable for the Tn5-Anchor-Seq application I decided
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to use a concentration ratio (Tn5:gDNA) of 0.75 for all subsequent experiments. This
value is flexible enough to tolerate some variability in the input DNA concentrations
(approximately 3-fold differences). An additional reaction in which SDS was included to
reduce enzyme activity indicates that amplicon complexity is reduced when the available
Tn5 complex becomes limited in the tagmentation reaction (see single band and banding
pattern for 0.4 % +S samples in Figure 3.4b and c respectively). To achieve high resolution
results it is therefore advantageous to not reduce Tn5 concentration too much.

b

a

c

15-

1-

2-

0.3-

0.1-

kbp

M
Tn5:gDNA

10 5 2.5 1.3 0.6 +S 10 5 2.5 1.3 0.6 +S

tagged strain 100.0 % 0.4 %

1st PCR

15-

1-

2-

0.3-

0.1-

kbp

M10 5 2.5 1.3 0.6 +S 10 5 2.5 1.3 0.6 +S

100.0 % 0.4 %

2nd PCR

isolated gDNA
Tn5 tagmentation

Tn5-adapter

Tn5 transposon
anchor-specific

index-primeranchor-specific
Btn-primer

adapter-specific
primer

anchor-specific amplicons

1st PCR 2nd PCR

(b) (c)

tag

Figure 3.4: Ratio of Tn5 enzyme to DNA determines fragment size distribution. (a) Tn5
tagmentation reactions were set up with different amounts of Tn5 complex added to the same amount
of DNA. Tagmented DNA was used as input for two subsequent PCRs to generate Tn5-Anchor-Seq
amplicons. The PCR products were analyzed by DNA gel electrophoresis to evaluate amplicon size dis-
tributions. (b) A yeast strain in which the gene SGF29 was C-terminally fused to mNeonGreen was used
as tagged strain. Genomic DNA was either isolated from this strain alone (100 %) or from a mixture of
this strain with an untagged strain (BY4741) to simulate reduced abundance of this genotype (0.4 %).
2.5 ng/µL of gDNA was used for tagmentation with the indicated Tn5 concentrations (gDNA concen-
tration multiplied by Tn5:gDNA factor). First PCR reactions were set up using the whole tagmentation
reaction as template and run for 30 cycles. Reactions were resolved by DNA gel electrophoresis. An
additional reaction in which a 2.5 Tn5:gDNA reaction was performed in the presence of 0.2 % SDS (+S)
indicates reduced tagmentation. As marker (M) 1 Kb Plus DNA Ladder (ThermoFisher Scientific) was
used. (c) Second PCR reactions analyzed as in panel b. PCR reactions were set up with 1 µL of the first
PCR reactions and run for 20 cycles.

After establishing the general conditions of the tagmentation reactions for Tn5-Anchor-Seq
I needed to evaluate the enrichment achieved with this protocol. Genomic DNA from
three pooled tag libraries (prepared by genome-wide CASTLING, see following section
3.2) were used as starting material for Anchor-Seq preparations using the halfY adapter
or Tn5-Anchor-Seq preparations including or excluding the biotin-streptavidin-capture
step (Figure 3.5). The size distribution of the respective Anchor-Seq amplicons after the
second PCR showed various outcomes for the different preparation approaches (Figure
3.5a). Interestingly, Biotin-streptavidin-capture lead to a broader and more uniform size
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distribution over the range of 0.15 to 3 kbp when compared to the Tn5-Anchor-Seq prepa-
ration without biotin-streptavidin-capture step. Amplicons of size 0.4 to 0.8 kbp were
extracted from the agarose gels and used as input for quantification of selected strains
in the CASTLING pool by qPCR. This analysis showed an enrichment of approximately
sevenfold for the Tn5-Anchor-Seq without capture step in comparison to the Anchor-Seq
protocol with halfY adapters (Figure 3.5b). Performing Tn5-Anchor-Seq with the addi-
tional biotin-streptavidin capture step seemed to moderately improve enrichment further
by approximately threefold (Figure 3.5b). This let me to conclude that the newly de-
veloped Tn5-Anchor-Seq protocol can be used to selectively enrich for anchor-containing
molecules of interest. The inclusion of the optional biotin-streptavidin-capture step leaves
further room for experimental adjustments depending on the experimental demands.

Another important question which needed to be addressed was the performance of the
Tn5-Anchor-Seq protocol in an actual NGS experiment. To test if the protocol achieves
reproducible quantification, Tn5-Anchor-Seq reactions of a controlled sample were pre-
pared. The 15 plates of an arrayed yeast library in which each strain represents a different
C-terminally tagged gene were pooled in various amounts representing a dilution series
spanning approximately six orders of magnitudes. Genomic DNA of this library was then
used to perform Tn5-Anchor-Seq reactions either in UP sequencing direction or for UP
and DOWN sequencing simultaneously (Figure 3.6a). This confirmed high reproducibility
and linearity over five orders of magnitude showcasing the potential of Tn5-Anchor-Seq
for genotype quantification. At very low genotype fractions (below one million percent)
some deviations from the linear trend can be observed which could hint at small num-
ber effects and dilution errors (Figure 3.6b). For the sample in which UP and DOWN
amplicons were amplified within the same Tn5-Anchor-Seq reaction I noticed that five
times more reads were observed for the UP than for the DOWN amplicon direction. This
indicates that the primers required for the individual Tn5-Anchor-Seq amplicon directions
might need to be carefully fine-tuned in case both directions should be enriched within
the same reaction.

In summary, I could implement an adaptation of Anchor-Seq to tagmentation resulting in
the Tn5-Anchor-Seq protocol which allows a more scalable introduction of the Anchor-Seq
adapters.

3.1.2 Redesign of the computational workflow for genome walking NGS

The computational pipeline which was initially used to validate the C-SWAT library was
specifically designed for this particular purpose. I will briefly summarize this original
design. A reference database of sequences was constructed by concatenating the part of
the constant sequence of the tagging cassette spanned by the sequencing read and 140 nt
of the 3’-terminal sequence of the coding sequences of each ORF excluding the stop
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Figure 3.5: Enrichment by Tn5-Anchor-Seq . Pooled genome-wide C-terminal yeast libraries
(CASTLING library; see following section 3.2) were processed either with the Anchor-Seq protocol using
halfY adapters or with the proposed Tn5-Anchor-Seq protocol excluding or including biotin-streptavidin-
capture. (a) The different reactions exhibit different size distributions in DNA gel electrophoresis. The
red rectangles indicate excised gel sections used analyzed by qPCR (see panel b). As marker (M) the 1 Kb
Plus DNA Ladder (ThermoFisher Scientific) was used. (b) Relative quantification of five selected tagged
genes (primer_pair) in each library by qPCR. DNA enriched by the different Anchor-Seq reactions was
size-selected by gel electrophoresis (panel a). Enrichment was calculated for Tn5-Anchor-Seq without
(Tn5-Btn) or with biotin-streptavidin capture (Tn5+Btn) with respect to the Anchor-Seq reaction per-
formed with halfY adapter. For each gene the mean of three technical replicates is shown. Horizontal
bars indicate median of all quantification and the bars are further labeled with the respective enrichment
value.
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Figure 3.6: Robustness and linearity of Tn5-Anchor-Seq . (a) An arrayed genome-wide yeast
library in which each strain represents a different gene tagged with a C-terminal tag was pooled in various
amounts to create a controlled dilution series which was then analyzed using the Tn5-Anchor-Seq protocol.
(b) Plotting genotype quantification measured by Tn5-Anchor-Seq against the expected fraction of these
genotypes based on their dilution factor revealed high correspondence and linearity (diagonal line with
slope 1) over a wide dynamic range. Each point represents the mean of genotype abundancies within
one library plate. Some divergence from the expected trend was observed for the genotypes of very low
abundance (below 1 millionth percent) with one likely outlier for dilution series 1.

codon. Strict matching of each sequencing read was used to assign the most likely ORF
the read originated from. Because errors in the tagging junction might prohibit strict
matching, reads were split into two halfs which were matched individually. Additionally,
for matching, frameshifts by minus three to plus three nucleotides were used to account
for deletion or insertion mutations. This simple assignment procedure then allowed to
identify tag junction sequences which were consistent with the expected sequence after
successful tagging.

This computational workflow however had several limitations which I needed to address
for potential later applications of Anchor-Seq . First, this procedure could only be used to
evaluate insertion sites which were known a priori so that a respective reference sequence
could be added to the database. Second, the analysis was confined to the first read only
although paired-end sequencing was performed. The second read contains sequence in-
formation adjacent to the vectorette primer more distal from the anchor sequence. This
sequence can help to further improve identification of the insertion site especially in case
of redundant genomic regions. Third, strict matching although applied in several vari-
ations might not account for all possible mutations and more sophisticated alignment
procedures can be used. Fourth, in the beginning demultiplexing of samples could be
performed with Illumina’s software as the sample-specific barcodes were present as bar-
codes within the sequencing adapters. Later versions of the Anchor-Seq protocol made
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also use of more complex barcode variations (internal and in sequencing adapter) and
unique molecular identifiers which needed to be accounted for during the downstream
computational analysis.

In order to address all these issues, I designed a computational workflow which works
in the reverse direction (Figure 3.8). Constant sequences are first trimmed off the se-
quencing reads. This step also serves as quality control to remove read pairs which are
not informative because the molecules from which they originated were too short or they
result from unspecific amplification and do not contain the expected constant sequences.
The trimmed reads are then aligned to a reference genome of the species in which the
insertion experiment was performed. This leads to a pile-up of reads at the insertion site
and this alignment is characteristic in that it has a random start position at the site of
the Anchor-Seq adapter and a specific position at the transition site to the integrated se-
quence (Figure 3.8). The alignments are then counted by grouping reads by these specific
positions and identifying overlapping genomic features (e.g. ORF boundaries).

assign_coordinates.jl

trimming.jl

bwa-mem / bowtie2

count.py

read alignment

raw reads demultiplexing

quality filtering

read trimming

reference genome

alignments

read counting

genome features

count table

analysis

trimmed reads

toolscomputational steps
INPUT:

OUTPUT:

data

anchor annotation

Figure 3.7: Design of the computational Tn5-Anchor-Seq workflow. A custom workflow was
designed to process Tn5-Anchor-Seq sequencing data starting with raw Tn5-Anchor-Seq reads and re-
sulting in a count table which can then further analyzed depending on the Tn5-Anchor-Seq application.
The workflow is modular in that most individual computational steps are implemented using single tools.
Italic tool names are referring to external software while custom scripts written for this workflow are not
italic.

In this section I showed how the Anchor-Seq protocol was updated to a more versatile
and scalable workflow using tagmentation. Furthermore, I presented how the redesign
of the computational Anchor-Seq workflow enables more comprehensive analysis. The
following sections will be concerned with different applications of the Anchor-Seq and
Tn5-Anchor-Seq protocols and how they can help to implement and validate various ex-
perimental methodologies.
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Figure 3.8: Exemplary view of an Tn5-Anchor-Seq alignment. Several C-SWAT strains in which
Saccharomyces cerevisiae genes had been tagged with a C-terminal tag cassette were pooled and analysed
by Tn5-Anchor-Seq . (a) Four different Tn5-Anchor-Seq reactions were prepared and sequenced. Two UP
and two DOWN sequencing reactions each with two different anchor primers (PU1 and PU2 or PD1 and
PD2 respectively) were used. (b) Each row represents one of the four Tn5-Anchor-Seq reactions. Reads
were trimmed and aligned to the Saccharomyces cerevisiae reference genome as described in the main
text. Read alignments piled up at the 3’ end of the ORFs (before the stop codon) as this is where the
C-terminal tag cassette is integrated. Tn5-Anchor-Seq alignments exhibited a strict end at one side where
the cassette genome junction is situated and a random end to the other side where the Tn5-Anchor-Seq
adapter is ligated to the randomly framgented DNA. Two ORFs showed such an alignment for all four
sequencing reactions (orange) while only the UP alignments are present for two ORFs (yellow) indicating
that the cassette was joined at its 3’ end to a different genomic position than expected. Two ORFs
exhibited no alignment indicating that they were not tagged (gray).
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3.2 Pooled tag library construction in the the yeast Saccharomyces cerevisiae
with CASTLING

Arrayed Saccharomcyes cerevisiae libraries such as the C-SWAT collection have and will
continue to be useful resources for biological studies in this organism. However, their
initial creation is time and resource intensive and their application is limited to the
genetic background they were constructed in. Therefore, arrayed library construction
and the analysis thereof will become a bottleneck in future functional genomics studies.
Pooled, ’shotgun’-like approaches might provide a promising alternative [1]. So far, sev-
eral methodologies have been developed which allow for pooled yeast library construction
using microarray-synthesized oligonucleotide pools and CRISPR-Cas9-mediated gene tar-
geting. These methodologies are limited in that they allow only for the introduction of
single-nucleotide polymorphisms and small indels [138, 139, 140, 141, 142, 143]. For more
complex genotypes such as the tagging of endogenous genes large genomic insertions are
required. Therefore, we set out to conduct a proof-of-principle study for the pooled con-
struction of tagging genotypes in Saccharomyces cerevisiae to further extend the available
toolset for functional genetics in this organism [116].

The strategy which we termed CRISPR-Cas12a-assisted tag library engineering (CASTLING)
builds upon the following ideas. First, the efficiency of gene tagging must be increased
to allow for pooled library construction. This is achieved by inducing DSBs at the target
sites and simultaneously providing a repair template to stimulate HR. For DSB induction
the crRNA-guided DNA-endonuclease CRISPR-Cas12a is used because the coverage of
potential target sites at gene termini is higher compared to CRISPR-Cas9 which is im-
portant for gene tagging applications [116]. Second, all the information required for this
targeting should encoded in the same molecule. This is achieved by including also the gene
for crRNA expression in the tagging cassette. Consequently, these molecules were termed
self-integrating cassettes (SICs). The crRNA structure of CRISPR-Cas12a allows for its
incorporation in the SIC design which would have been difficult with CRISPR-Cas9 [116].
Finally, a molecular recombineering strategy needed to be implemented which allows for
the pooled construction of such SICs. These SIC pools are then transformed into a yeast
strain which expresses CRISPR-Cas12a leading to the recovery of a pooled yeast library.

3.2.1 SICs allow for pooled tag library construction with CASTLING

Gene tagging is facilitated by the usage of SICs because of several reasons. Once such
a molecule enters a cell the crRNA is expressed from a gene encoded on the SIC itself.
The CRISPR-Cas12a enzyme also expressed in the cell forms a complex with this crRNA
and can then introduce a DSB near the target site. The created lesion is repaired using
the tagging cassette as template for HR (Figure 3.9). It was first tested if this SIC
design allows for increased tagging efficiencies for individual genes. SIC constructs for
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a C-terminal fluorescent tag targeting several highly expressed genes were transformed
into yeast cells expressing the CRISPR-Cas12a enzyme from Francisella novicida U112
(FnCas12a) which was confirmed to be functional in this organism [116, 144]. Tagging
efficiency, quantified by the number of colonies after transformation, revealed a ~50-fold to
several thousand-fold increase compared to transformations in cells which did not express
the CRISPR-Cas12a enzyme (Figure 3.10a). Furthermore, quantification of the fraction
of fluorescent colonies showed that tagging fidelity increased from 67-91 % to 96-99 %
(Figure 3.10a).

‘self-integrating’ cassette (SIC)

crRNA

Cas12a

1

2 5' HA 3' HA

4

3 ORF 3' UTR

1

2

4

3

crRNA expression from SIC

3' UTR

Pol III promotor

tag (e.g. GFP)
selection marker

ORF-tag fusion

Cas12a-crRNA complex assembly

cleavage near intended tagging site

HR-mediated SIC integration

targetted ORF

Figure 3.9: Self integrating cassette (SICs) principle for gene tagging. SICs contain all the
genetic information required for gene targeting with large insertions (i.e. gene tagging). Here the SIC
concept is illustrated for C-terminal gene tagging. The crRNA for guiding the CRISPR-Cas12a endonu-
clease is expressed from a dedicated gene placed at the 3’end of the SIC (1). The Cas12a-crRNA complex
is formed (2) and introduces a DSB close to the target site at the C-terminus of the target gene (3).
Directed by the terminal homology arms (5’HA and 3’HA) the SIC is further used as template for repair
of the genomic lesion by HR (4). The figure was reproduced in modified form [116] with permission and
was jointly created by Benjamin Buchmuller, Michael Knop and me.

All the genetic information required for gene tagging are combined in SICs. This becomes
especially useful if one wants to utilize oligonucleotide pool synthesis to design highly
multiplexed genome engineering efforts like it is necessary for pooled library construction.
Oligonucleotide pools allow to include thousands of individually designed sequences very
cost-efficiently in the same experimental design so that system-wide studies become fea-
sible. The target information (i.e. homology arms and crRNA sequences) can be entirely
encoded in the relatively short oligonucleotides while the tagging cassette encodes for the
tag functionality. The SIC concept therefore separates the target information by coding
it on individual sequences in the oligonucleotide pool from the functionality information
which is programmed on a generic tagging cassette to be integrated. Co-integration from
two simultaneously transformed SIC species was rarely observed which indicated the fea-
sibility of specific gene targeting in pools of many different SICs [116]. The challenge
is to combine both information so that the cassette carries homologies on either site of
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Figure 3.10: SICs enhance tagging of single genes. SICs (targeted genomic positions labeled at the
bottom) were individually transformed into wild-type yeast cells or cells expressing the CRISPR enzyme
FnCas12a. (a) Tagging efficiency was quantified as normalized colony number after transformation. The
approximate fold change of colony numbers from transformations with and without FnCas12a expression
is indicated above each bar pair. (b) The fraction of all colonies exhibiting fluorescence was quantified.
Since the tagged genes are all highly expressed this fraction is indicative for the tagging fidelity. The figure
was updated from [116] and the underlaying data was accquired by Benjamin Buchmuller and Matthias
Meurer.

the tagging cassette without any formation of chimeras between molecules in the pool.
For this a molecular cloning strategy was devised and implemented as a procedure to
generate such molecules fully in vitro. The oligonucleotide pool is first amplified by PCR
using primers with homologies to the tagging cassette. These two molecule species are
combined by in vitro homology-directed assembly (using the NEBuilder HiFi DNA As-
sembly kit from NEB). This leads to circularization of the molecules which are then used
as templates for rolling circle amplification (RCA) with phi29 DNA polymerase. A re-
striction site included in the oligonucleotide design between the two homology arms is
then used to release monomeric tagging cassettes from the concatemeric RCA product.
The resulting material is then used for transformation into Saccharomyces cerevisiae for
pooled tag library construction. Such a pooled library can then be analyzed by a cellular
assay which can fractionate the library into phentoypic bins (e.g. fluorescence-activated
cell sorting). These bins can then be individually genotyped using a sequencing strategy
for tag insertion site determination (e.g. (Tn5-)Anchor-Seq ). These steps comprise the
full CASTLING strategy (Figure 3.11) [116].

3.2.2 CASTLING characterization using a library with defined phenotype
In order to evaluate the CASTLING approach an experiment was conducted in which
a defined subset of the budding yeast genes was targeted. I selected 215 genes for
which the gene products under standard growth condition are localized to the nuclear
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Figure 3.11: CRISPR-Cas12a-assisted tag library engineering (CASTLING). The CASTLING
strategy encompasses the steps required for SIC pool generation and transformation to retrieve a pooled
yeast clone library. Individual sequences in the oligonucleotide pool contain all the gene-specific elements
of SICs while the tagging cassette encodes tag functionality and selection marker. After oligonucleotide
and tagging cassette amplification by PCR both molecule species are combined using homology directed
in vitro recombineering leading to circular molecules. These then serve as templates in a rolling circle
amplification (RCA) reaction using phi29 DNA polymerase. By enzymatic digestion of the concatemeric
RCA products individual SICs are released. The resulting SIC pool is then tranformed into a yeast
strain which also expresses the CRISPR-Cas12a endonuclease and a pooled library is retrieved in which
each clone carries a different tagging genotype. This library can then be phenotypically characterized by
cellular assays, fractionated into individual phenotype bins and genotyped with (Tn5-)Anchor-Seq .

compartment [4] and have appropriate expression strength to be easily detected by mi-
croscopy [134, 145]. In total, 1,577 oligonucleotides (on average seven oligonucleotides per
gene) were designed which covered all suitable PAM sites within 30 bps of the stop codon
of the selected genes. This pool design was purchased independently three times from
two different suppliers to also investigate the impact of production-specific differences on
tagging efficiency with CASTLING. Input amounts of the oligonucleotide pools were ad-
justed so that 20 cycles of PCR yielded enough material for the subsequent CASTLING
steps. Noteworthy, we needed to use about 270-times more material for pool A from
supplier A than for pools B1 and B2 from supplier B. Pool B2 was also amplified us-
ing approximately seven-times more starting material to test how genotype complexity
of the resulting CASTLING library is dependent on this initial step. For each condition
SIC pools were generated in duplicates and transformed individually into a yeast strain
expressing FnCas12a yielding 30,000 to 95,000 clones per condition, i.e. more than 100
clones per targeted gene and condition (Figure 3.12a).

I performed fluorescence microscopy of the resulting libraries and quantified the observed
fluorescence localization phenotypes (Figure 3.12b). This allowed me to determine that
tagging fidelity ranged from 90 to 95 % based on the fraction of cells exhibiting the
expected nuclear localization signal (Figure 3.12c). The tagging fidelity of a pooled library
constructed by CASTLING is therefore almost as high compared to the one achieved for
individual genes when DSBs are induced in parallel with CRISPR-Cas12a. The remaining
cells exhibited either almost exclusively cytoplasmic fluorescence (0-4 %) or no fluorescence
at all (2-8 %) (Figure 3.12c). By sequencing the junction between tag and genome of
individual clones I observed predominantly single base deletions (Supplementary Figure
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4.2). A likely explanation for unsuccessful tagging events are errors in the oligonucleotides
used for CASTLING as small deletions are typically introduced during their chemical
synthesis [146].

a CASTLING of abundant nuclear proteins

*

*
*

5 µmlibrary 2b library 4b

small nuclear pool

1a 1b 2a 2b 3a 3b 4a

3.0 fmol
(150 pg)

3.0 fmol
(150 pg)

20.0 fmol
(1 ng)

pool B1 pool B2

supplier A supplier B

0.8 pmol
(40 ng)

4b

pool A

tagging success by sub-cellular localization

0.9

1.0

0.0

1a 1b 2a 2b 3a 3b 4a 4b

nuclear non-nuclear non-f uorescent

fr
ac

tio
n 

of
 c

el
ls

library

215 genes / 1577 oligonucleotides
b c

Figure 3.12: Small CASTLING library with nuclear localization phenotype. (a) A pool was
designed targeting genes which show localization to the nuclear compartment when C-terminally tagged
with a fluorescent protein tag. To explore library quality determinants the pool was purchased sev-
eral times from different suppliers and used to prepare eight CASTLING libraries with a C-terminal
mNeonGreen tag. The amount of oligonucleotide pool used for SIC pool production is indicated. (b)
Representative mNeonGreen fluorescence micrographs from two CASTLING libraries. Most cells show
fluorescence signal localized to the nuclear compartment. In addition, some cells exhibit no fluorescence
(indicated with an arrow) or diffuse cytoplasmic localization (indicated with an asterisk). (c) Quantifi-
cation of the three phenotypes described in panel b across all eight CASTLING libraries. At least 1,000
cells per library were used for quantification. The figure was reproduced in modified form from [116] with
permission and was jointly created by Benjamin Buchmuller and me.

Next, the genotype complexity of the different steps of the CASTLING library preparation
protocol needed to be quantitatively characterized. For this, NGS libraries were prepared
for the reactions after PCR of the oligonucleotide pools and after RCA. Furthermore,
the final yeast libraries were analyzed by Anchor-Seq (Figure 3.13). Sequencing was
performed in DOWN direction of the CASTLING cassettes covering the crRNA sequence
so that the oligonucleotides could be identified. UMIs were included in these preparations
to correct for potential PCR bias introduced using the NGS library preparations. Overall,
it could be observed that each step of the CASTLING preparations reduces the genotype
complexity due to sequence losses (Figure 3.13a and b). Pools from supplier B performed
better than from supplier A. Best performance was achieved for the replicates using the
pool B2 and higher amounts of starting material (i.e. reaction 4a and 4b). For this pool
approximately 50 % of the designed sequences were present in these SIC preparations but
because several SICs have been designed for each gene this accounted for the recovery
of approximately 90 % of the targeted genes indicating that at least for this pool design
of medium complexity high coverage is feasible (Figure 3.13a and b). The likelihood of
loosing certain oligonucleotide sequences during RCA corresponded to their abundance
after PCR (Figure 3.13c).

Furthermore, the correlation between replicates after PCR was preserved while it was
markedly reduced after RCA (Figure 3.14a). A more detailed investigation of one replicate
indicated that 44 % of the oligonucleotide sequences did not change more than twofold and
91 % of the sequences did not change more than tenfold after RCA. Sequences were more
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Figure 3.13: Genotype coverage of the eight small CASTLING libraries. Eight small
CASTLING libraries (replicate 1a to 4b) were quantifely assessed by NGS at individual steps of the
CASTLING process. (a) Sequence diversity of oligonucleotide pools after PCR amplifications (blue) and
of SIC pools after RCA reactions (green) and yeast libraries (orange) was determined by NGS using
UMIs. The full pool design encompassed 1,577 distinct sequences. All sequence instances with the lowest
25 % copy number are light shaded because of their lower confidence. (b) Diversity as quantified in
panel a but focusing on gene coverage. The full pool design encompassed 215 distinct genes. (c) For
each CASTLING replicate the copy number based on UMI counts was quantified for sequences which
were retained (red) or lost (blue) during SIC construction. The figure was reproduced in modified form
from [116] with permission and was jointly created by Benjamin Buchmuller and me.

45



3.2 CASTLING 3 Results

likely to be depleted than to be enriched during this CASTLING step (Figure 3.14b).
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Figure 3.14: Reproducibility during CASTLING library preparation. (a) Pearson correlation
coefficients (r) of sequence abundances between individual replicates after oligonucleotide pool amplifica-
tion with PCR (left) or after RCA (right). Nonsignificant correlations (n.s.; p > 0.05) are indicated with
circles. (b) Copy number changes of oligonucleotide sequences from PCR (before) to RCA step (after) in
replicate 1a. On the left, kernel density estimates for the copy numbers normalized to the median copy
number in that sample are shown. The distribution of fold changes of individual sequences is indicated
on the right. 44 % of the sequences changed no more than twofold while 91 % of sequences changed no
more than tenfold. The figure was reproduced in modified form from [116] with permission and was jointly
created by Benjamin Buchmuller and me.

In order to inspect how balanced genotype representation is in the individual steps of the
CASTLING process the sequence abundance distributions were examined (Figure 3.15).
If each genotype in a pool had the same abundance, the pool would be perfectly balanced.
Such an abundance distribution would be characterized by a straight line with a slope of
one while increasingly skewed abundance distributions would increasingly bend upwards.
Already after the PCR step the abundance distribution was unbalanced and up to 20 % of
the designed sequences were absent (Figure 3.15a). As one would expect, each subsequent
step of the CASTLING process increased the skew in abundances further. The replicates
were in better concordance after the PCR step than after the SIC preparation or the
library transformation. Furthermore, when the SIC preparation was less skewed in abun-
dance the genotype representation of the final yeast library was higher which confirms
that the abundance bias is propagated from step to step. The replicates with higher cov-
erage generally exhibited more balanced abundance distributions than the replicates with
lower coverage. Overall this analysis indicates that optimizations focusing on balanced
genotype representation in the SIC pools has the potential to improve genotype coverage
of the final library.

3.2.3 CASTLING for genome-wide library construction
Having validated that the CASTLING strategy can be used to construct pooled yeast
libraries of intermediate complexity we turned to the question how well the strategy
scales for genome-wide tagging endeavors. A SIC pool was designed based on optimized
selection rules covering 5,940 genes (89 % of all yeast genes) with 27,000 oligonucleotide
sequences [116]. Three yeast libraries were constructed. For the first two libraries 30
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Figure 3.15: Genotype abundance distributions across the CASTLING process. Genotype
coverage at different steps of the CASTLING process inspected by cumulative sequence abundance distri-
butions. (a) The contribution of a designed oligonucleotide sequence to all sequences (i.e. the cumulative
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(b) Same as panel a but instead for each targeted gene by summing up the UMI counts of the respective
designed oligonucleotide sequences.
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RCA reactions were pooled and SICs were generated. To explore how the number of
recovered clones influences retrieved genotype complexity a large library encompassing
704,000 clones (LibA) and a small library covering 44,000 clones (LibB) was recovered after
SIC transformation. To explore the impact of the RCA reaction on genotype complexity a
third yeast library with an intermediate size of 116,000 clones was recovered (LibC) from
a transformation with a SIC pool generated from pooling two additional RCA reactions
(Figure 3.16). The genotype complexity of the yeast libraries was characterized with
Anchor-Seq . The three libraries altogether covered 76 % of all targeted genes. One third
of all targeted genes were covered reproducibly in each of the three libraries indicating
that a considerable genotype coverage can be robustly achieved with CASTLING. Notably,
almost 50 % coverage of a genome-wide library could be observed when analyzing LibB
for which 7-fold more clones than targeted genes were recovered. Analyzing LibA instead
which had 119-fold more clones than targeted genes resulted only in a moderate increase
in total genotype coverage of 64 %. Almost all genes covered in the small library LibB
were also covered in the larger LibA library as it would be expected when the same SIC
pool is used for transformation. On the other hand 20 % of genes observed in library LibC
which was constructed using the independent RCA pool preparation were unique to this
library while only 14 % of genes observed in the large library LibA were unique. This
indicates that the recovered genotype complexity depends more on independent SIC pool
preparations than on the number of recovered clones.
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Figure 3.16: Genome-wide library construction with CASTLING. A CASTLING pool design
targeting 5,940 yeast genes was used to prepare several libraries to explore the retrieved tag genotype
coverage. (a) Experimental design to explore different determinants of genotype complexity. Three
CASTLING libraries were constructed. To probe the influence of the retrieved number of clones after
transformation the same SIC pool prepared from many RCA reactions was used to recover a large library
and a small library, encompassing 119-fold and 7-fold more clones than targeted genes respectively. To
compare how the SIC preparation influences coverage a third library of intermediate size (20-fold more
clones than targeted genotypes) was prepared from an independent SIC pool which was prepared from
fewer RCA reactions. (b) Number of identified genes in each of the three libraries and overlap thereof.
Percentages are given with respect to the total number of genes observed across all libraries (4,516 genes,
76 % of targeted genes). (c) Comparison of covered genes achieved per library. The figure was reproduced
in modified form from [116] with permission and was jointly created by Benjamin Buchmuller and me.
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3.2.4 Application of CASTLING for proteome profiling

We also performed a proof-of-concept experiment to showcase the use of a CASTLING
library for screening applications. A CASTLING library with 109,000 clones in which
genes had been tagged with a C-terminal mNeonGreen tag was used for protein abundance
profiling using fluorecence intensity as a proxy. Fluorescence-activated cell sorting (FACS)
was performed on this library to enrich for fluorescent cells and the genotype complexity
of the pre- and post-FACS libraries was determined by Anchor-Seq . Altogether both
libraries covered 2,335 genes of which 848 were enriched and detected in both libraries,
283 were only detected in the post-FACS library (i.e. they were enriched), 732 were
depleted and detected in both libraries and 472 were only detected in the pre-FACS
library (i.e. they were also depleted). Taken together, this yields 48 % enriched and 52 %
depleted genes. Across three previous flow cytometry studies between 34 % and 54 % [147,
148, 149, 150] of the 4,159 genes tagged in the Yeast GFP Clone Collection [4] could be
detected which shows that the fraction of FACS-enriched genes we observe is as expected.
The post-FACS library was further fractionated into eight fluorescence bins using a second
round of FACS. For each fluorescence bin Anchor-Seq libraries were prepared to determine
which genes are contained in those bins. Because this experiment was primarily used
to showcase a potential application workflow of a CASTLING workflow we turned to
performing the NGS on a MinION device from Oxford Nanopore Technologies which
gave us access to the sequencing data more readily than the Illumina-based NGS which
we usually performed. Based on the number of cells and the reads observed for each
gene in each bin I was able to recover a fluorescence profile estimate for each genotype.
However, the read depth of that experiment was relatively low and we acquired 18,638
informative reads which allowed me to generate an abundance estimate based on the
fluorescence intensity for 435 genes. I compared these abundance estimates to the results
from previous studies [150]. A relatively high Spearman correlation coefficient of 0.63 was
observed with an earlier flow cytometry data set (Figure 3.17, Supplementary Figure 4.3).
Further comparisons to data sets generated by mass-spectrometry and immunoblotting
revealed several outliers which appeared to be unique to the flow-cytometry dataset. It
was therefore questionable if the sparse resolution of this small data set might impede
conclusive results. Therefore, I compared correlation of protein abundance estimates
between studies either using their full coverage of proteins or only using the subset detected
in our proof-of-concept experiment (Figure 3.17c). Because correlation coefficients were
relatively similar for both cases (Pearson correlation coefficient of 0.74) I concluded that
this sparse data set can still be used for comparison to other studies. In general, I
observed that all protein abundance studies using the original GFP Clone Collection
clustered together while our small data set was more similar to measurements performed
with mass-spectrometry. This was also observed for the earlier measurements by our
laboratory using a C-SWAT collection (Supplementary Figure 4.3). This indicates that
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previous flow-cytometry data sets have a certain systematic bias originating from the used
GFP yeast collection. The de novo construction of this CASTLING library allowed to
reveal such biases. In addition, expression of several tagged genes were detected which
were absent in previous studies and we confirmed those by individual gene tagging [116].

In summary, CASTLING outlines a technology to generate pooled libraries of complex
tag genotypes and this section highlighted how Anchor-Seq can be used to validate and
quantitatively assess such libraries.

3.3 Mammalian PCR tagging

In contrast to the PCR targeting strategy in Saccharomyces cerevisiae, endogenous gene
tagging in mammalian cells has been a laborious and inefficient endeavor so far [12]. This
quite often prohibits rapid and direct testing of a hypothesis as the required genotypes
usually are not easily accessible and require multiple molecular cloning steps. As the
application of the concept of self-integrating cassettes (SIC) for pooled gene tagging in
yeast turned out to be highly successful it prompted the question if it could also be useful
for simplified gene targeting in mammalian cells. As mentioned in the introduction,
PCR targeting is used for cloning-free generation of constructs for gene targeting which
simplifies experimentation. Conceptually, PCR targeting allows for modularization by
separating the information which kind of modification should be introduced and to where
it should be directed to. The SIC concept embraces the same ideas which makes it
perfectly suitable for PCR targeting in mammalian cells.

Similar to PCR tagging in yeast [25], a streamlined mammalian PCR tagging protocol
would include a toolbox with a wide range of tagging constructs with tags of different
functionalities for various applications. The constructs would be designed following the
same set of rules which allows for the generic combination of gene-specific primer pairs
and function-specific tag modules maximizing the use of already available resources. Fur-
thermore, this can also simplify cloning in case somebody wishes to extend the toolbox
which fosters the adaptation across the community.

The following chapter is concerned with the establishment of a streamlined PCR tar-
geting strategy for mammalian cells. The strategy was tailored for C-terminal tagging
of mammalian genes and was termed ”PCR tagging”. The focus will mainly be on the
characterization of possible repair outcomes and artifacts related to this protocol as this
was my primary contribution to this project.
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Figure 3.17: Protein abundance estimation using a CASTLING library. A CASTLING library
in which genes were C-terminally tagged with mNeonGreen were fractionated by FACS and each fraction
was analyzed by Anchor-Seq to infer fluorescence intensity profiles for individual genes. (a) The mNeon-
Green CASTLING library was first enriched for fluorescent cells using a first round of FACS. The enriched
library was then fractionated into bins based on fluorecence intensity using a second round of FACS. Gene
abundances in each bin were quantified by Anchor-Seq and the underlying fluorescence intensity profiles
were determined. From those tagged gene abundance estimates were retrieved (see Methods). (b) Com-
parison of abundance estimate from this experiment to earlier studies in which various technologies have
been used to estimate protein abundances. Some genes were marked as outliers (orange) in comparison
to the study by Newman et al. (top plot) to show that their placement is not recapitulated with other
studies (lower two plots) and therefore seem to be unique to this study. Marginal lines at either axis site
indicate abundance estimate for genes detected in only one of the compared data sets. (c) Spearman
correlation coefficients (ρ) between studies calculated either using all the genes detected in those study
(y-axis) or using only the 435 genes detected by Anchor-Seq after the second FACS (x-axis). The figure
was reproduced in modified form from [116] with permission and was jointly created by Benjamin Buch-
muller and me.
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Figure 3.18: General workflow for PCR tagging in mammalian cells using SICs. (a) PCR
tagging in mammalian cells allows for streamlined experimentation. (b) PCR with gene-specific M1
and M2 primers using PCR tagging plasmid as template yields linear DNA framgents (PCR cassettes)
which follow the SIC design. This includes a gene for PolIII-driven crRNA expression downstream of
the C-terminal tag. A marker for the selection of transformed cells is optionally included in the cassette.
Homologous sequence (HA, homology arms) for gene targeting are introduced with the M1 and M2
primers. Panel b was reproduced in modified form from [117] with permission and was originally created
by Matthias Meurer.
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3.3.1 Self-integrating cassettes for efficient tagging of endogenous genes in
mammalian cells

The experiments presented in this section were conducted and analyzed by Julia Füller,
Matthias Meurer and Michael Knop. They are included here for completeness.

To first test if SICs lead to efficient and robust C-terminal gene tagging of single genes,
subcellular localization of mNeonGreen-tagged proteins was used as an easily quantifiable
and distinguishable phenotype. The human embryonic kidney cell line 293T (HEK293T)
was chosen for the following experiments because it is a commonly used model cell line
and its parental cell line 293 exhibits high transfection efficiencies [151, 152]. Sixteen
genes were selected based on their high abundance and distinct subcellular localization
for targeting with a C-terminal mNeonGreen tag. Respective gene-specific primer pairs
were designed: The M1 primer consists of an annealing site for the 5’end of the tagging
module and the 5’ homology arm (HA). This homologous sequence encompasses 90 nt of
the end of the targeted gene including the last coding exon until the stop codon. The
M2 primer contains the annealing site of the 3’end of the tagging construct and the 3’HA
which encompasses 55 nt of the genomic sequence following the stop codon. In addition,
this primer contains a gene-specific sequence encoding for a crRNA targeting the genomic
locus around the stop codon of the targeted gene and a short T6 element for termination
of polymerase III (PolIII) transcription. The mNeonGreen tagging module includes the
C-terminal mNeonGreen tag with a linker peptide, a heterologous 3’end to terminate
expression of the mNeonGreen gene fusion and the U6 PolIII promoter to drive crRNA
expression. (Figure 3.18b)

The cassettes which are constructed by PCR reconstitute the SIC design. PCR cassettes
for each gene were individually transfected into HEK293T cells together with a helper
plasmid for Cas12a expression. The cells were cultured for three days and examined by
fluorescence microscopy. The expected localization of mNeonGreen signal was observed
for 0.2 % to 13 % of cells across all the inspected genes (Figures 3.19a,b). In addition,
control transfections were performed in which co-transfection with the Cas12a plasmid
were omitted or the PCR cassettes lacked either homology arms or crRNA sequence (Fig-
ure 3.19c). No cells with the expected localization signal were observed in those controls
which indicates that Cas12a expression and the individual functionalities of the SIC are
required for successful gene tagging. When the homology arms and the crRNA of the
PCR cassette targeted different genes very few cells were observed which showed mNeon-
Green localization of the gene targeted by the crRNA. Therefore the tagging cassette
was integrated at the site of the DSB although the respective homologous sequences for
HR were absent indicating that repair was mediated by alternative pathways such as
NHEJ. Tagging cassette and crRNA expression construct could also be provided as sepa-
rate molecules during transfection resulting in similar numbers of tagged cells than when
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the crRNA was expressed directly from the tagging cassette in case of the SIC design.
This indicated, that a PCR tagging approach using SICs leads to successful and specific
endogenous gene modifications in mammalian cells.

a cEfficacy of PCR tagging accross 16 genes d

b

Figure 3.19: Using PCR tagging with SICs for single gene targeting in mammalian cells.
PCR cassettes (SICs) for C-terminal gene tagging with mNeonGreen were transfected into HEK293T
cells. Live cells were imaged three days after transfection by fluorecence microscopy. Successful C-
terminal tagging was scored by mNeonGreen signal while total cells were counted using DNA stained
nuclei by HOECHST dye. (a) The efficacy of PCR tagging was determined as the fraction of cells
exhibiting the expected subcellular phenotype for 16 selected genes. The fraction of cells exhibiting a
diffuse cytoplasmic phenotype was also determined. (b) Representative micrographs for the four genes
CANX (ER localization), TOMM20 (mitochondrial localization), HNRNPA1 (diffuse nuclear localization)
and PCNA (structured nuclear localization) are shown. Cells exhibiting diffuse cytoplasmic signal are
indicated with arrows. DNA was stained with HOECHST dye. (c) Control PCR taggings of HNRNPA1
in which different components of the SIC design were omitted indicating that the method depends on all
components to work. * The crRNA was expressed from a separate molecule than the PCR cassette (SIC).
** The crRNA sequence in the SIC targets CANX while the homology arms direct to HNRNPA1 leading
to off-target cleavage and integration most likely by NHEJ for a very small fraction of cells (<0.02 %, five
cells in entire well). (d) PCR tagging of two selected genes in HEK293T cells and quantification of cells
with localized and diffuse fluorescent signal over several days of cultivation. Data from three replicates.
Error bars represent SD. The figure was reproduced in modified form from [117] with permission and the
original version was created by Julia Füller, Matthias Meurer and Michael Knop.

3.3.2 Aberrant tag expression results in cytoplasmic artifact for C-terminal
mNeonGreen taggings

During inspection of cells transfected with PCR cassettes for C-terminal tagging with
mNeonGreen another phenotype than the correct fluorescence localization was frequently
observed across all inspected genes. A considerable number of cells exhibited a diffuse
cytoplasmic fluorescent signal with high variability in cell-to-cell intensity (Figure 3.19a,
b). This phenotype was also present in the control transfection experiments in which in-
dividual PCR tagging components were omitted and which did not yield successful gene
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taggings. This indicated that the diffuse cytoplasmic signal might be an artifact from
the transfected PCR cassettes themselves (Figure 3.19c) and consequently required fur-
ther investigations. Counting and classifying cells over the course of several days after
transfection revealed differing stability of the correct localization as well as the diffuse
cytoplasmic phenotype. While the fraction of cells with correctly localized fluorescence
signal remained relatively constant, the fraction of cells exhibiting cytoplasmic fluores-
cence gradually decreased over the course of nine days (Figure 3.19d). This implied,
that the molecular species responsible for this artifact might be genetically unstable and
therefore potentially of extrachromosomal origin.

The question arose which genetic structure of the PCR cassette might cause expression
of mNeonGreen protein. In order to characterize the DNA sequences upstream of the
mNeonGreen tag without any biases Anchor-Seq was performed with genomic DNA ex-
tracted from cells three days after they had been transfected with C-terminal mNeonGreen
constructs targeting different genes (Figure 3.20a). The resulting dataset allowed to cat-
egorize and quantify the nature of molecules which contain the PCR cassette sequence
(Figure 3.20b). Sequences indicative of correct integration events were observed although
in very low numbers (Figure 3.20c). The remaining majority of read pairs did not cover a
sequence beyond the cassette sequence (i.e. beyond the homology arms). These types of
molecules arose either from frequent tagmentation events close to the anchor sequence or
from many PCR cassette molecules remaining in the culture three days after transfection.
In case of the latter prolonged cultivation would dilute PCR cassette molecules further
and by this could improve sensitivity for correct integration events. In addition, a con-
siderable number of read pairs indicated end-to-end fusions of PCR cassette sequences.
Head-to-tail fusions (i.e. ligation events between 5’ and 3’end of the PCR cassettes) were
on average six-times more prevalent than head-to-head fusions. In contrast, because the
Anchor-Seq reaction was performed in UP direction only, tail-to-tail fusions could not be
observed. These findings revealed that the transfected PCR cassettes frequently fused
end-to-end which was most likely mediated by NHEJ. In addition, cells were also trans-
fected with a mixture of PCR cassettes targeting different genes. Performing the same
type of analysis as before revealed that this time head-to-head and head-to-tail fusion oc-
curred between ends of the same gene (homo fusions) as well as between ends of different
genes (hetero fusions). This further supported end-to-end ligation of molecules by DNA
damage repair pathways such as NHEJ and indicated that at least a fraction of ligation
events is intermolecular. The occurrences of head-to-head homo fusions and head-to-head
and head-to-tail hetero fusions were approximately equal while head-to-tail homo fusions
were approximately six-times more prevalent than the other three fusion events. The
finding from the transfection experiments with mixed PCR cassettes concurred with the
results from the transfection experiments targeting just a single gene. The observed bias
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for head-to-tail homo fusions could indicate that most ligation events are intramolecular.
In summary, these results show that the PCR cassette are frequently ligated together
preferentially in a head-to-tail conformation.
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Figure 3.20: Characterization of diffuse cytoplasmic signal by stability and sequencing. (a)
Schematic outline of the Anchor-Seq experiment to quantify PCR tagging outcomes. (b) Anchor-Seq was
performed so that the sequence upstream of the PCR cassette could be determined (i.e. UP sequencing).
This allowed to classify and quantify read pair types. (c) Tabulation of the read pair type quantification
(in percent total read pairs) for transfection of four single PCR cassettes and a mixture of PCR cassettes.
Read pairs could either indicate correct integration, PCR cassette, template plasmid or head-to-head or
head-to-tail fusions. For transfections of PCR cassette mixtures these two types were further subdivided
into homo and hetero fusions. The figure was reproduced in modified form from [117] with permission.

The head-to-tail conformation brings the PolIII promoter used for crRNA expression into
close proximity with the 5’-end of the mNeonGreen coding sequence. I proposed the hy-
pothesis that this provides a potential explanation for the diffuse cytoplasmic phenotype.
It would require PolII-driven transcription from the PolIII promoter and use of some early
ATG start codon in the tag sequence for translation. The result would be aberrant tag
expression in which the tag would not be fused to an upstream coding sequence of a gene
and instead be expressed on its own (Figure 3.21a). In the case of the PCR targeting
with a C-terminal mNeonGreen cassette this would mean the expression of only mNeon-
Green protein and not a fusion protein which would then result in the observed diffuse
cytoplasmic fluorescence signal. Indeed, the transfection of a modified PCR cassette in
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which the ATG start codon was removed resulted in reduction in cells with cytoplasmic
fluorescence phenotype (Figure 3.21b). In an additional experiment the U6 PolIII pro-
moter together with a Kozak sequence was cloned in front of the mNeonGreen tag which
resulted in constitutive diffuse cytoplasmic GFP signal. Furthermore, the U6 promoter
was substituted with either the 7SK or the H1 PolIII promoters which exhibit lower or
higher PolII activity respectively than the U6 PolII promoter [153, 154]. The resulting
7SK promoter construct exhibited a decrease in cellular fluorescence intensity while the
H1 promoter construct exhibited an increase in cellular fluorescence intensity with respect
to the U6 promoter construct (Matthias Meurer, personal communication).

NHEJ requires moderate end resection for efficient ligation [40]. Earlier studies in which
PCR products where used for transfection have already shown that modified primers
can attenuate NHEJ acting on these molecules [155]. As the end-to-end ligation of PCR
cassettes is most likely mediated by NHEJ it would be expected that use of primer modifi-
cations should also reduce the occurrence of cells with a cytoplasmic phenotype. Indeed, it
was observed that PCR cassettes generated with primers modified with phosphorothioate
and biotin for several different genes resulted in fewer cells with cytoplasmic phenotype
than PCR cassettes created with unmodified primers. Although the effect was not very
strong the trend was always the same (Figure 3.21c). These results further supported the
hypothesis, that PCR cassettes are frequently ligated together head-to-tail by NHEJ.

Further direct evidence for ligation of PCR cassette ends was acquired by performing a
timecourse experiment and subsequent PCR amplifications to specifically probe end-to-
end fusions (Figure 3.22). Genomic DNA was extracted from cells which were transfected
with a PCR cassette for C-terminal tagging of the gene HNRNPA1 with mNeonGreen.
The cells were harvested 6, 18 and 30 days after transfection. The DNA was then subjected
to PCR reactions with a primer pair which covered the potential head-to-tail junction
of the PCR cassette. Two additional PCR reactions were performed in comparison in
which only one of each primer was used to probe the presence of molecules with head-
to-head and tail-to-tail ligations. No specific head-to-head and head-to-tail amplicons
could be observed despite the presence of some unspecific amplification products. On
the contrary the reaction which included both primers clearly showed the presence of
head-to-tail specific amplicons which were still present 30 days after transfection. This
indicates the continued persistence of molecules with head-to-tail fusions in the cells.
Additional unspecific amplicons which are mostly present in the later points in time
hint to competitive amplifications which usually arises when the primer specific template
is very diluted. An amplicon with a size comparable to the head-to-tail amplicon in the
transfection samples was observed in a control PCR reaction which was performed with the
material used for transfection. Nevertheless, it was considered an unspecific by-product
because it appeared at much lower amount than an amplification product of residual PCR
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Figure 3.21: Diffuse cytoplasmic signal could be explained by aberrant tag expression. (a)
Model how head-to-tail ligation of PCR cassettes could lead to aberrant tag expression. (b) Removal
of initial start codon from mNeonGreen tag reduces the number of cells with diffuse cytosolic signal.
For some genes this artifact is not completely eliminated suggesting that abberant tag expression might
be driven by cryptic start codons e.g. in the crRNA or homology arm sequences. Tagging efficacies
were estimated three days after transfections of HEK293T cells. Data from three replicates; error bars
represent SD. (c) 5’-end modification of M1/M2 primers used for PCR cassette generation aim to reduce
NHEJ and therefore head-to-tail ligation of PCR cassettes. In consequence reduced numbers of cells with
diffuse cytoplasmic signal are observed across several genes and types of modifications. Primers were
either PAGE- or cartridge-purified if not noted otherwise. Modifications included three (3S), five (5S)
or ten (10S) phosphorothioate bonds or biotin. The experiment was analysed as in panel b. The figure
was reproduced in modified form from [117] with permission and the original version was created by Julia
Füller, Matthias Meurer and Michael Knop.
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cassette plasmid which due to its larger size is actually unfavored in the PCR reaction.
In addition, this by-product appears at a very different size when a tagging PCR for a
different gene was used as template (data not shown). In summary, these results indicate
that head-to-tail ligation molecules are the dominating ligation species in the cells and
that they are diluted over time. Nevertheless, they remain present in the cells for up to
30 days which could indicate that a fraction of ligated molecules is stably integrated into
the genome.
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Figure 3.22: Specific test for detecting end-to-end ligations of PCR cassettes. HEK293T cells
were transfected with mNeonGreen PCR cassettes for the HNRNPA1 gene. Genomic DNA was extracted
6 (d6), 18 (d18) and 30 (d30) days after transfection (post) and PCR reactions were either performed
with tail specific primer (TP) or head specifc primer (HP) or both (HP+TP) to specifically detect the
ligation products indicated on the left. As control, genomic DNA from HEK293T cells (ctl) and the PCR
cassette material before transfection (pre) was also used as PCR template. The PCR reaction with both
primers (HP+TP) of the PCR cassette (pre) exhibits several additional bands which are likely artifacts of
this particular PCR amplification and of different origin as the amplificates in the genomic DNA as they
are not present in the single primer PCR reactions (*) or have a very different length (°) in a transfection
for the gene CANX (data not shown). Both primers lead to unspecific amplification when genomic DNA
was present in the reaction. As marker (M) the 1 Kb Plus DNA Ladder (ThermoFisher Scientific) was
used. The experiment was jointly performed by Daniel Kirrmaier and me.

3.3.3 Sequence fidelity at the target locus
Critical aspects of gene editing experiments are how well the intended modification was
achieved and if any unintended modifications occurred either at the target site or at any
off-target sites at other sites of the genome. At the on-target site several repair outcomes
are possible. Either the PCR cassette is used as template for HR and the desired repair
outcome is achieved. Alternatively, the DSB at the endogenous locus cassette might be re-
ligated by the means of NHEJ or repaired by HR using for example the sister chromatid.
Finally, the PCR cassette could also be ligated into the DSB between the free DNA ends in
either orientation leading to a duplication of the homologous sequences as repair outcome
(Figure 3.23a).

The primers used to construct PCR cassettes are relatively long so that the likelihood
that they contain errors is very high. Consequently, it was desirable to quantify the
sequence variation within the junction between tag and coding sequence to evaluate if
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HR selects against such errors. In addition, sequence errors are also likely to occur if the
targeted locus is not repaired using the PCR cassette as template and instead is rejoined by
NHEJ or other more erroneous DSB repair pathways. In order to determine the fidelity
of the tag junction I used genomic DNA harvested from HEK293T transfected with a
mNeonGreen PCR cassette targeting either of the genes HNRNPA1, CANX or CLTC.
To reduce the interference of concatenated PCR cassettes, modified primers were used
for the preparation of the PCR cassettes and the cells were harvested after a prolonged
cultivation of 18 days after transfection. The target sequence for these PCR taggings
resulted in Cas12a cutting either before (CANX), at (CLTC) or after (HNRNPA1) the
stop codon (Figure 3.23b). I performed site-specific PCR to amplify a short sequence
of approximately 230 nt spanning the junction between coding and tag sequence of the
tagged allele. DNA electrophoresis of the tag PCR indicated the presence of a second
amplicon species (Figure 3.23c). The approximate length of the shorter species coincided
well with the estimated length of the desired repair outcome resulting from HR, whereas
the length of the longer species indicated duplication of the homology arm as it would be
the case if NHEJ was used by the cell instead for DSB repair. Although a PCR analysis
like this is not strictly quantitative it nevertheless suggests that a considerable fraction
of repair outcomes were facilitated by HR.

To focus the analysis on the HR-mediated PCR cassette integration product the shorter
amplicon of the tag PCR was purified from the gel and used for NGS. Between 84 %
(CANX) and 93 % (CLTC) of reads of the tag amplicons matched the expected se-
quence which meant that a very high fraction of editing events resulted in the desired tag
junction sequence (Figure 3.23d). When the positions of the different sequence variants
(i.e. deletions, insertions and substitutions) were inspected it was apparent that variants
mainly occurred at positions close to the tag coding sequence within the genome-cassette-
junction. This indicates that the errors were most likely already present in the PCR
cassette due to primer errors as HR is a highly accurate DSB repair process. HR seems
to miss more errors in the homologous sequence of the template the closer the error is to
the DSB (i.e. the shorter the homologous sequence is) as it has been noticed before in
the CASTLING study. A notable enrichment of deletions within the target sequence was
observed for the PCR tagging of CANX. For this gene the PAM sequence of the crRNA
target site is reconstituted after HR with the PCR cassette so that the tag allele is still a
target for the CRISPR-Cas12a complex. The potential introduction of deletions by this
targeting will likely be detrimental for the expression of the tagged gene. Consequently,
this finding helped to improve the rules for M1/M2 primer design by penalizing target
sequences with similar position and orientation with respect to the stop codon as the one
used for CANX (Figure 3.23e).

To this end the fidelity of the tag allele was inspected but it was also interesting to
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investigate the occurrence of mutations in the wild-type allele. Such mutations could be
the result of erroneous DSB repair without using the repair template leading to faulty
reconstitution of the wild-type allele. I therefore specifically amplified and sequenced
the wild-type locus to inspect possible mutations introduced by PCR tagging. Of all
reads 7 to 12 % exhibited alterations of the wild-type sequence (Figure 3.23e). These
alterations encompassed primarily deletions which were similar to the case of the CANX
tag allele enriched within the region of the cut side. Such mutations are likely a result
of mutagenic NHEJ events. Since these mutations occurred around the stop codon they
probably influence the expression of the targeted gene which will be discussed in more
detail below.

3.3.4 Application of Tn5-Anchor-Seq for unbiased detection of on- and off-
targets

Apart from the fidelity of the tag junction it needed to be determined if the PCR cassette
had integrated elsewhere in the genome. Furthermore, it was interesting to investigate if
such off-target integrations occurred systematically at certain genomic hot-spots and in
dependence of Cas12a expression. Therefore repeated transfections of PCR cassettes for
the three genes HNRNPA1, CANX and CLTC were analysed by Tn5-Anchor-Seq to deter-
mine potential off-targets without prior knowledge of the integration sites (Figure 3.24).
On-target integrations were only observed in those replicates in which the Cas12a helper
plasmid had been co-transfected. Off-target integration events were observed across the
whole genome irrespective whether the Cas12a helper plasmid had been co-transfected or
not. None of these individual integration events were observed in two or more replicates.
Both observations lead to the conclusion that off-target integrations occur randomly and
independently of Cas12a expression and therefore also independently of the PCR tagging
strategy. Overall, off-target integrations seem to be a frequent by-product of transfections
of linear DNA at least in the HEK293T cell line used in these experiments.

In summary, SICs allow for a streamlined and efficient PCR tagging strategy applicable
in mammalian cells. During transfection the linear PCR tagging cassettes preferentially
undergo intramolecular ligation leading to a diffuse cytoplasmic signal in case of the C-
terminal mNeonGreen tag. The various tagging outcomes were characterized revealing
specific integration of the PCR cassettes while off-target integrations can occur indepen-
dent of the presence of the CRISPR-Cas12a endonuclease.
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Figure 3.23: Amplicon sequencing to determine on-target fidelity. HEK293T cells were trans-
fected with mNeonGreen tagging cassettes targeting either HNRNPA1, CANX or CLTC. Genomic DNA
was prepared 18 days after transfection and on-target amplicons either specific for the wild-type (WT)
or the tag allele were amplified by PCR and analyzed by NGS (approx. 10,000 reads per amplicon and
gene). (a) Schematic of the expected repair outcomes and how they are amplified by PCR. DSB are either
repaired by HR or NHEJ. In NHEJ the PCR cassette might be ligated into the targeted locus leading
to duplication of the homologous sequences. (b) Three genes were targeted which exhibited different
target postions. Distances between stop codon and DSB sites are indicated. (c) DNA electrophoresis
of the tag amplicons for the three targeted genes. For each, two different amplicons could be observed
originating either from HR- or NHEJ-mediated repair of the DSB (see also panel a). HR bands were
cut, gel purified and used for NGS. Differences in length of NHEJ and HR amplicon correspond to the
distance differences of the three genes as indicated in panel b. As marker (M) 1 Kb Plus DNA Ladder
(ThermoFisher Scientific) was used. PCR reactions with genomic DNA from untransfected HEK293T
cells served as untagged control (U). (d) After NGS the fraction of reads perfectly matching the expected
tag amplicon sequence was determined. (e) Mutations in erroneous reads were further analyzed by type
and occurrence within the amplicon. The range of the last coding exon and the homologous sequence of
the PCR cassette are also indicated. Note that for CANX a high rate of deletions was observed around
the cut site of the Cas12a complex (#). (f) Same analysis as in panel d for the wild-type amplicon.
(g) Same analysis as in panel e for the wild-type amplicon. The range of the last coding exon and the
position of the of the target sequence is indicated. The position of the Cas12a cuts is indicated by a gray
box. The figure was reproduced in modified form from [117] with permission.
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Figure 3.24: On- and off-target quantification by Tn5-Anchor-Seq. HEK293T cells were trans-
fected with PCR cassettes targeting one of three different genes in triplicates with or without Cas12a
helper plasmid. Genomic DNA was extracted 30 days after transfection and used for unbiased genome
walking sequencing by Tn-Anchor-Seq. The genomic position of the resulting integration events for each
of the replicates is indicated. On-target integrations (green) were detected in all replicates when Cas12a
was also expressed while off-target integrations (red) were detected across the genome. Some integration
events were observed very close to the desired target site but did not yield successful taggings and were
therefore scored as off-target integrations. The total number of events detected in a replicate is indicated
at the right of chromosome X. The figure was reproduced in modified form from [117] with permission.
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3.4 RT-LAMP for SARS-CoV-2 detection

3.4.1 Characterization of a colorimetric RT-LAMP assay for diagnostic SARS-
CoV-2 detection

As a promising alternative to the RT-qPCR assay, RT-LAMP was quickly adopted for
SARS-CoV-2 detection by several groups which proposed LAMP respective primer sets.
Even though the performance and validity of most of these primers proved to be excellent,
validation had been performed on artificial samples with in vitro transcriped (IVT) RNA
as synthetic SARS-CoV-2 genomes [156, 157, 130]. A systematic comparison in a diagnos-
tic setting with real-world patient samples was therefore lacking. In an effort to fill this
gap several RT-LAMP primer sets were evaluated in March 2020 within the Knop group
using IVT RNA. After the N gene primer set published by Zhang et al. [130] performed
best (Figure 3.25a) the diagnostic performance of this primer set was further assessed
with surplus samples from the diagnostic lab of the virology department in Heidelberg.
RT-LAMP samples were quantified by the difference in absorbance at wavelength 434 and
560 nm, i.e. the absorbance maxima of phenol red at higher and lower pH respectively
(Figure 3.25b). Finally, isolated RNA from 768 patient samples was quantified for SARS-
CoV-2 by RT-qPCR and further assessed using the RT-LAMP assay (Figure 3.26 and
Figure 3.27a). For samples with a RT-qPCR result of CT<30 very high specificity (i.e.
negative RT-qPCR samples which also scored negative in the RT-LAMP assay) of 99.7 %
(Wilson’s 95 % confidence interval: 98.9 to 99.9 %) was observed in the RT-LAMP assay.
The sensitivity (i.e. positive RT-qPCR samples also scoring positive in the RT-LAMP
assay) was with 97.5 % (Wilson’s 95 % confidence interval: 91.4 to 99.3 %) similarly high
(Figure 3.27b). The set of samples with a RT-qPCR result of CT<30 comprised high
to intermediate viral titers as the RT-qPCR assay used was calibrated for approximately
1000 viral template molecules for CT=30 according to the manufacturers quality certi-
fication. For samples with CT values higher than 30 (i.e. lower viral titers) RT-LAMP
reactions exhibited false negative results most of the time. The RT-LAMP reaction were
performed with ten times less template compared to RT-qPCR reactions. This indi-
cates that the limit of detection of the RT-LAMP assay is approximately 100 molecules.
This observation was also in concordance with earlier results when the RT-LAMP assay
was established with IVT RNA as artificial template [156, 157, 130]. Nevertheless, sev-
eral samples turned yellow upon prolonged incubation of more than 35 minutes at 65 °C.
Since this occurred across positive and negative RT-qPCR samples it suggested spuri-
ous amplification. An alternative cause could have been that RT-qPCR positive samples
with low viral titers resulted in delayed amplification of minute amounts of viral RNA.
It was therefore important to investigate the cause of these delayed positive RT-LAMP
reactions.
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Figure 3.25: A colorimetric RT-LAMP assay for SARS-CoV-2 detection. (a) The indicated
number of SARS-CoV-2 N gene molecules generated by IVT were added to individual colorimetric RT-
LAMP reactions. The reactions were incubated at 65 °C, moved briefly to ice at different points in time
and imaged using the color scanner function of an office copy machine. A color change from red to
yellow indicates production of DNA in the RT-LAMP reaction which until 30 minutes is specific for
N gene positive samples with at least ~100 molecules IVT RNA. (b) Spectrophotometric absorbance
measurements allow quantification of the red-to-yellow color change of the colorimetric RT-LAMP assay.
The extracted RNA from 95 clinical pharyngeal swab specimens was quantified using the RT-LAMP and
the RT-qPCR assay. Color change of the RT-LAMP assay is quantified as difference in absorbance (∆OD
values) at the two maxima of phenol red which is used as pH indicator in this assay: ∆OD = OD434 nm -
OD560 nm. Positive samples yield a ∆OD value of between 0.3 and 0.4. CT values from RT-qPCR were
acquired using the E-Sarbeco primer set [103]. The figure was reproduced in modified form from [115]
with permission. The underlaying data was accquired by Matthias Meurer.
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Figure 3.26: Overall workflow of the LAMP-sequencing study. RNA was isolated from pha-
ryngeal swab specimens and used as input for RT-qPCR and colorimetric RT-LAMP assays respectively.
The RT-LAMP reactions were analyzed either using a spectrometric plate reader for colorimetric read-out
or were used as input for LAMP-sequencing.
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Figure 3.27: Sensitvity and specificity of the RT-LAMP assay. (a) Comparison of RT-LAMP
to RT-qPCR assay results for 768 clinical samples distributed across 10 96-well plates (different point
colors). Over the course of the study RNA was extracted using two different extraction methods (different
point shapes; QC: column-based QiaCube method; QS: bead-based QiaSymphony method). RT-LAMP
results were recorded after 30 minutes of incubation at 65 °C. (b) Specificity (left) and sensitivity (right)
of the RT-LAMP assay based on the data presented in panel a. The sensitivity is stratified by RT-qPCR
derived CT value. Horizontal lines represent either specificity or sensitivity estimate respectively while
the Wilson’s binominal confidence interval is given by the boxes. The figure was reproduced in from [115]
with permission. The data was jointly analyzed by Simon Anders and me.

3.4.2 Development of the LAMP-sequencing protocol

In order to more thoroughly investigate the nature of the samples which were positive
in the RT-LAMP assay after prolonged incubation I devised a sequencing strategy based
on Tn5-Anchor-Seq which provides several advantages for this purpose (Figure 3.28a).
First, library preparation is relatively unbiased in that sample amplification is invariant
to the sequences apart from the anchor sequence. This allows to ”focus” sequencing on
the LAMP reaction product but at the same time allows for amplification irrespective
of the remaining molecule sequence which is important because the nature of the LAMP
reaction produces complex concatemeric amplification products [108]. Second, adapter
sequences for library preparation are introduced to the LAMP molecules by the means of
tagmentation which reduces the number of steps and time required per sample. Finally,
multiplexing of samples is performed right from the start during tagmentation which
furthermore results in fewer processing steps per sample. A plate with 96 individual bar-
coded tagmentation adapters (P5 site) was used to assemble 96 different Tn5 transposon
complexes. These were used to tagment the 96 samples of one RT-LAMP assay plate
individually. Consequently, the samples of one assay plate could be combined into one
sample reducing complexity of the following steps. Excess transposon adapters were re-
moved by bead-based size selection and a PCR was performed with LAMP reaction- and
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transposon adapter-specific oligonucleotide primers respectively. The Illumina adapter
on the side of the LAMP reaction-specific primer (P7 site) also contains a barcode which
then codes for the plate identity of the sample. Because sample complexity was expected
to be reduced compared to the normal application of Anchor-Seq for genomic DNA, the
biotin-streptavidin-capture step was not considered necessary which further simplified
sample processing. The second PCR was performed with an anchor-specific bridging
primer, plate-specifc index primers and the Tn5 adapter-specific primers for target en-
richment. After the second PCR another gel-based size selection was included to ensure
that mostly longer molecules are sequenced. This ensures that sequencing reads are long
enough to span the full region targeted by the RT-LAMP reaction. The LAMP-specific
primer was designed to overlap with the binding site of one of the primers with which
the RT-LAMP reaction was performed. The region of the virus which is amplified dur-
ing the RT-LAMP assay contains short sequence stretches which are not covered by any
LAMP primer (Figure 3.28b). These virus-specific sequences could only occur in a read
sequence if they already have been present in the template, i.e. they were indicative of
viral genome in the sample. After sequencing and sample assignment sequencing reads
were therefore classified into virus-matching and -unmatching reads. The tagmentation
adapter also contained UMIs which were used to collapse PCR duplicates (Figure 3.28c).

I observed that for most positive samples the UMI counts of virus-containing sequences
were at least ten-fold higher than for negative samples which easily allows to classify virus-
positive and -negative samples (Figure 3.29a and b). For a few samples only few reads
were observed although some of these samples were clearly positive RT-LAMP reactions
as judged by the banding pattern after agarose gel electrophoresis (Figure 3.29 and Sup-
plementary Figure 4.4). As the majority of negative samples exhibited considerable total
UMI counts, low UMI counts likely originated from sample processing problems during
LAMP-sequencing library preparation, e.g. not enough material was transferred from the
LAMP reactions into the tagmentation reactions. Overall, 14 out of 768 samples (~1.8 %)
exhibited this problem and they were not considered for further analysis. This allowed
to make a call for 754 of 768 (98.2 %) samples (Figure 3.29b), which confirmed most of
the RT-LAMP results for CT<30 samples. Two RT-LAMP positive samples which scored
negative in the RT-qPCR were also clearly negative in the LAMP-sequencing assay. The
sequencing therefore confirmed the RT-qPCR result for these samples (Figure 3.29b and
c). All of the samples which turned yellow upon prolonged incubation of ~40 minutes
scored negative in the LAMP-sequencing experiment which confirmed that these were in
fact all spurious amplifications independent of the presence of virus titers (Figure 3.29d).

In order to further confirm specificity of the reaction, LAMP-sequencing reads were aligned
to the SARS-CoV-2 reference sequence (Figure 3.28c). Of all reads 80.6 % unambiguously
mapped to the short segment of the N gene which is targeted by the used RT-LAMP primer

67



3.4 LAMP-sequencing 3 Results

a

b
GeneN-A-F3 GeneN-A-FIP GeneN-A-LF (r. c.)

GeneN-A-FIP (r. c.) GeneN-A-BIP

GeneN-A-BIP (r. c.) GeneN-A-B3 (r. c.)GeneN-A-LB

 5'-ATGACCAAAT TGGCTACTACCGAAGAGCT A CCAGACGAATTCGTGGTGG TG ACGGTAAAATGAAAGATCTCAGTCC ...

... AAGATGGTATTTCT ACTACCTAGGAACTGGGCCAGA AGCTGGACTTCCCT ATGGTGCTAACAA AGACGGCATCATATGGGTTGCA ...

... ACTGAGGGAGCCTTGAATACA CCAAA AGATCACATTGGCACCCG CA ATCCTGCTAACAATGCTGCA ATCGTGCTAC-3'

28,515

[NC_045512.2]

28,591

28,75128,676

28,590

28,675

LAMP-sequencing reads

trim off adapter sequences

global analysis of origin
of RT-LAMP sequences

counting LAMP-sequencing 
reads for each sample

map to virus genome

80.6%
mapped reads

k-mer analysis
with unmapped reads

17.4%
primer k-mer

containing reads

2%
other

reads contains
viral subsequence ?

assign reads to samples
by barcodes, and

aggregate reads by UMI

count as
matching

count as
not matching

Tn5 tagment.

T5-adapter LAMP-specific primer

LAMP-specific PCR

plate index

size-select.

adapter-specific
primer

3 41 2 size-select.

well-specific
Tn5 complexes (array)

+
well index NGS5

(one pool per plate)

RT-LAMP plate (arrays)

(one sequencing reaction)

c

Figure 3.28: LAMP-sequencing workflow. (a) Colorimetric RT-LAMP assay plates are each tag-
mented with an array of well-specific indexed Tn5 complexes and then pooled to one sample per assay
plate. These samples are enriched by a nested PCR with plate-specific indices resembling Tn5-Anchor-Seq
without biotin-streptavidin-capture. After PCR the samples are pooled to one sequencing reaction, size-
selected and analyzed by NGS. (b) Region of the N gene in the SARS-CoV-2 genome (NC_045512.2)
covered by the different parts of the RT-LAMP primers (green and blue boxes). Some viral subsequences
are not covered by primers (orange boxes) and were used for classifying ”virus-matching” and ”non-
matching” reads. The purple arrow spans the anchor sequence used for LAMP-sequencing NGS library
preparation. (c) Schematic of the computational analysis of the LAMP-sequencing data. The figure was
reproduced in modified form from [115] with permission.
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Figure 3.29: LAMP-sequencing read counting. (a) Applied thresholds for sample classification
based on UMI counts. The total UMI count threshold of 200 removed 14 outlier samples for which
too few reads were observed to make a call (see also Supplementary Figure 4.4). A threshold of 104
virus-matching UMIs separated the LAMP-sequencing positive and negative samples. (b) Comparison
of LAMP-sequencing and RT-LAMP results for the 768 samples. (c) LAMP-sequencing results mapped
onto RT-LAMP (at 30 minutes incubation) and RT-qPCR results. (d) Same as panel c but with RT-
LAMP results after 40 minutes incubation (45 minutes for one plate). At this point in time the RT-LAMP
samples were recovered for LAMP-sequencing. The figure was reproduced in modified form from [115]
with permission. The underlaying data was accquired by Daniel Kirrmaier under my supervision.
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set, confirming a highly specific amplification of the SARS-CoV-2 genome (Figure 3.30a).
To explore the possibility of unspecific amplification at lower frequency the remaining
unmapped reads were subjected to kmer analysis to explore their sequence composition.
The resulting k-mers constituting 89.8 % of unmatched sequences (17.4 % of all reads)
carried sequences of the LAMP primers used for the assay implicating that these primers
explain most of the non-viral sequence content of the LAMP reactions (Figure 3.30b).
Approximately 2 % of sequences could neither be explained by mapping to the viral
genome sequence nor by unbiased k-mer analysis (Figure 3.30b). As this rate was relatively
low their sequence content was not further investigated. It could be concluded that the
RT-LAMP reaction is highly specific for the SARS-CoV-2 genome.
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Figure 3.30: Origin of RT-LAMP sequences. (a) After adapter trimming 80.6 % of reads could be
mapped onto a single locus of the SARS-CoV-2 genome (NC_045512.2) which is coinciding with the region
of the N gene amplified by the RT-LAMP primer set. (b) A k-mer analysis (9-mers, maximal Levenshtein-
distance of 2) was performed with the remaining 19.4 % unmatched reads indicating that 17.4 % of all
reads contained sequences from one of the RT-LAMP primers. The origin remained undetermined for
2 % of all reads. The figure was reproduced in modified form from [115] with permission.
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4.1 Tagmentation-mediated Anchor-Seq allows to streamline genome walking
sequencing

The targeted amplification and characterization of an unknown sequence adjacent to a
genomic site of interest is known as genome walking and finds application for various bio-
logically relevant questions. This includes the mapping or confirmation of insertion sites
in random and targeted knock-in mutants which are for example created by transposon
mutagenesis or gene targeting respectively. Another application is the characterization
of genomic targets and their proximal sequences in an unbiased manner which is rele-
vant for example for genome engineering and gene therapy. Anchor-Seq is a targeted
next-generation strategy which allows to perform such genome walking sequencing [134].

One established genome walking approach is termed vectorette PCR [91]. The initial
Anchor-Seq protocol was implemented by integrating vectorette PCR with a standard
NGS library preparation including sonication, A tailing and ligation [134]. The protocol
has been used by our laboratory to characterize and validate the C-SWAT collection,
which is an arrayed library of Saccharomyces cerevisiae knock-in mutants. A custom
computational pipeline was used to confirm the knock-in integration sites based on the
expected outcome. Both parts, preparation and NGS of the Anchor-Seq samples and their
computational analysis were well-designed for the particular purpose of validating the C-
SWAT collection. However, further applications of this protocol were hindered by several
unfavorable design aspects which motivated further protocol improvements. Similar as
alternative protocols, Anchor-Seq requires several experimental steps before individual
samples are barcoded for pooling which made it difficult to scale the protocol up for more
than 30 samples [87, 88, 134]. In addition, it was favorable to re-design the computational
analysis which had the advantage that less a priori knowledge is required and samples
can be analyzed in a more unbiased manner.

Therefore, the Tn5-Anchor-Seq protocol was developed to succeed the Anchor-Seq proto-
col. Its central design element is the use of tagmentation for introducing generic adapters
into the DNA of the sample [83]. This enzymatic reaction substitutes physical fragmen-
tation of the DNA by sonication, end repair and adapter ligation. The introduction of
tagmentation is a considerable simplification of the Anchor-Seq protocol as this reaction
takes about 10 minutes rather than hours to complete [85, 86]. A prerequisite for tag-
mentation is that the generic adapter design which was initially based on a vectorette
structure is replaced with a halfY structure (i.e. two annealed oligos which differ in
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length). I confirmed that the halfY adapters provides an enrichment of approximately
30 million fold which I considered sufficient for targeted sequencing applications. One
commonly used Tn5 transposase variant established for tagmentation carries the muta-
tions E54K and L372P [85]. Recently, it was reported that an additional mutation in the
DNA binding domain of Tn5 transposase (R27S) resulted in a stronger dependence of the
tagmented DNA size distribution on the enzyme-DNA concentration ratio [86]. For the
studies presented in this thesis it was decided to use the original Tn5 transposase contain-
ing only two mutations which is not as dependent on enzyme-DNA concentration ratio
as the three residue mutant Tn5 transposase. The rational was that the Tn5-Anchor-Seq
protocol should be as invariant as possible with respect to variation in the input DNA
amount. It was also critical to determine the optimal Tn5 transposase to DNA concen-
tration ratio. On the one hand it was observed that too high concentrations led to highly
fragmented DNA. This results in sequencing reads which are too short to be informa-
tive about the anchor-adjacent sequences. On the other hand too low Tn5 transposase
to DNA concentrations resulted in too few tagmented molecules which finally led to low
resolution Anchor-Seq results. I showed that an optional biotin-enrichment-capture step
can be performed between the PCR steps which allows for moderate improvements in
enrichment. For most parts of this thesis NGS with Illumina short-read technology was
used. I observed that Tn5-Anchor-Seq without biotin-streptavidin-capture led to longer
molecules which makes it attractive for experiments relying on long-read sequencing tech-
nologies. The reproducibility and linearity of the Tn5-Anchor-Seq results was confirmed
over five orders of magnitude. This experiment also revealed that care must be taken, if
one wants to simultaneously use several anchor sequences in the same PCR reaction dur-
ing Tn5-Anchor-Seq preparation. In this particular experiment, UP- and DOWN-stream
genomic sequences of an integrated cassette were amplified. After sequencing, five-times
more reads were observed for the UP than for the DOWN amplification indicating that
the primers used for the UP direction performed better than the primers for the DOWN
direction. This means that primer designs must be carefully balanced if such pooled
amplifications are performed.

Tn5-Anchor-Seq is not the only protocol describing genome walking sequencing using tag-
mentation for introduction of the generic adapters before PCR. To my knowledge the
first integration of tagmentation and genome walking sequencing was communicated as
the Tagmentation-Based Mapping (TagMap) protocol by David Stern. It was used to
characterize the insertion sites of mobile genetic elements in Drosophila lines [158]. A
similar purpose serves the piggyBac insertion site sequencing (PBISeq) protocol used for
mapping transposon insertion sites in the yeast species Candida albicans [159]. Insertion
site mapping also plays an important role in gene therapy applications. The tagmentation-
assisted PCR (tag-PCR) protocol was published for characterizing piggyBac-, retrovirus-
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and lentivirus-based integration systems in mammalian cells [160]. A quantitative pro-
tocol using UMIs was developed as the iPool-Seq protocol to identify new virulance fac-
tors in a screen with pooled mutants of the fungus Ustilago maydis which is a maize
pathogen [161]. UMIs also have been implemented in the Uni-Directional Targeted Se-
quencing (UDiTaS) protocol which has been developed for the unbiased detection and
characterization of complex genome editing events such as translocations, inversions and
insertions in mammalian cells [162]. Finally, Tagmentation-based tag integration site
sequencing (TTISS) was also developed for genome editing experiments and specifically
applied to determine specificity of different Cas9 variants [163]. The protocols differ in
several aspects. PBISeq and tag-PCR use the commercial Nextera kit reagents from
Illumina [160, 159]. The Nextera technology is actually intended for untargeted amplifi-
cations. Two generic adapters are introduced during tagmentation with these kits which
can result in high background by off-target amplification lowering sensitivity for anchor
site detection. The remaining protocols use a custom transposase preparation with a
single generic adapter which circumvents such problems. UMI incorporation in the iPool-
Seq protocol requires exchanging sequencing primers while the UDiTaS adapter design
only requires slight adaptations of the Illumina NGS run parameters [161, 162]. Speci-
ficity is increased in the TTISS protocol using a nested PCR design while iPool-Seq uses
biotin-streptavidin-capture [161, 163]. Multiplexing in all protocols is implemented at the
PCR stage with the exception of the UDiTaS protocol which performs multiplexing at
the tagmentation stage [162]. Performing the barcoding for multiplexing already at the
tagmentation stage has the advantage that samples can be pooled as early as possible
during the protocol which can potentially reduce the number of reactions needed to be
handled.

Tn5-Anchor-Seq nevertheless is unique in that it tries to unify most of the advantages
of the other protocols while avoiding their disadvantages. Custom transposon adapters
lead to tagmented molecules with the same generic adapter so that all molecules can
serve as templates in the PCR amplification step. This should improve resolution of the
experiment [164]. The adapter design of Tn5-Anchor-Seq optimizes run performance and
no custom sequencing primers are required as the adapters are directly compatible with
sequencing primers of the standard Illumina kit. Specificity is improved by using two
subsequent PCR steps with a nested primer design. It can be improved even further
by incorporating a biotin-streptavidin-capture step between the two PCRs. UMIs are
a central design element of the Tn5-Anchor-Seq adapter and easily recorded by slightly
changing the Illumina NGS run parameters. Finally, the Tn5-Anchor-Seq adapters are
barcoded. This allows to uniquely label samples during the tagmentation step of the
protocol so that they can be pooled before conducting the subsequent PCR amplification
steps. This reduces experimental burden and cost. Individual PCR reactions can again be
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barcoded during the second PCR step which further increases the number of processable
samples. This feature of the protocol was critical for implementing LAMP-sequencing, a
specific application of Tn5-Anchor-Seq to characterize several hundred RT-LAMP reac-
tions in parallel. More details on the application for SARS-CoV-2 detection are described
in dedicated sections of this thesis. Although not implemented here, even higher levels of
multiplexing can be achieved through digital encoding of sample identity when insertion
sites are specific for samples. In this strategy samples are pooled repetitively such that
each sample occurs in a unique order of sample pools. Sample identity is therefore en-
coded by the insertion site absence or presence in all pools. Results for individual samples
can be inferred in silico after sequencing [165, 166]. In addition to the experimental im-
provements a more generic computational workflow was designed. The previous workflow
used for validation of the C-SWAT library was focused on a priori known insertion sites
whereas I designed the current workflow so that no such prior information is required.
The computational workflow is build in a modular fashion which will allow for simplified
adaptation for future experiments or changes in the Tn5-Anchor-Seq design.

In comparison to Anchor-Seq and Tn5-Anchor-Seq, inverse PCR would have the advantage
to simultaneously provide information on upstream and downstream sequences adjacent
to the inserted sequence of interest. This allows for insertion site determination with high
confidence. Inverse PCR protocols have been successfully applied for genome walking NGS
for the characterization of insertion sites in complex samples (e.g. saturated transposi-
tion experiments in Saccharomyces cerevisiae [167]). Nevertheless, inverse PCR requires
optimal ligation condition to favor circularization of single molecules by intramolecular
ligation. These circular molecules are the substrates required for specific amplification of
target sites of interest. Such ligation reactions are difficult to scale as they need to be con-
ducted with diluted concentrations of input material. This complicates high-throughput
protocol development based on inverse PCR. As Anchor-Seq typically yields a high cov-
erage at insertion sites correlative observation for more than one sequencing direction can
confirm an insertion site. One alternative approach might be motivated by the obser-
vation that Tn5 transposase remains physically linked to the DNA after tagmentation.
A two-staged indexing approach based on dilution and pooling could then be used to
highly multiplex these linked molecules so that they can be assigned together in silico
after sequencing. An NGS protocol based on this principle has been termed contiguity
preserving transposase sequencing (CPT-seq) and has for example allowed for haplotype
resolved sequencing [168, 169]. The Tn5-Anchor-Seq protocol is compatible with such a
barcoding approach when UP and DOWN amplifications are performed within the same
reaction. Since this strategy helps to associate reads originating from the same molecule
linked UP and DOWN sites could be inferred after sequencing.

The use of tagmentation provides the potential to further streamline the Tn5-Anchor-Seq
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protocol. The tagmentation reaction has not only been shown to work with purified DNA
but also with minimally processed mammalian and yeast cells [170, 171]. Omission of the
DNA extraction step in the Tn5-Anchor-Seq protocol provides the opportunity to further
reduce sample processing time which could allow for more rapid and cost-efficient insights.
Later protocol applications could therefore profit from the investigation if tagmentation
of minimally processed cells would yield reliable results.

4.2 CASTLING: An avenue for pooled library construction of complex geno-
types

Resolving the relationship between an observed phenotype and its causal genotype remains
a fundamental challenge in biology. For this, screens in which genetic perturbations are
conducted for all genes of an organism in a systematic manner are particularly instru-
mental [172]. Such screens and the construction of respective genotype collections (i.e.
libraries) are conducted either in an arrayed or in a pooled format. Arrayed libraries have
the advantage that the genotype of a certain cell line is directly mapped to the physical
storing position on the array grid of the collection. However, because every single cell
line construction must be performed on its own the effort scales proportionally with the
intended coverage of the library and therefore the effort is relatively high for genome-wide
collections. Furthermore, the library is restricted to the genetic background it was con-
structed in and because of the initially high investment, the arrayed library approach lacks
versatility. As an alternative, pooled library constructions have the potential to reduce
this initial investment [1]. Two technological advancements of the recent years fueled the
development of pooled library construction approaches. On the one hand, genetic alter-
ations are more accessible since the introduction of CRISPR-Cas endonucleases as they
allow for precise and targeted genetic alterations in an easily programmable fashion [173,
174]. On the other hand, microarray-based synthesis of long oligonucleotides provide the
necessary material to program these genetic alterations for several thousand targets at
reasonable cost [146, 175]. Pooled library construction with CRISPR-Cas9 targeting has
been performed in bacteria [138], yeast [138, 139, 140, 141, 142, 143] and mammalian
cells [176] but these developments were limited to small genetic alterations comprising
few nucleotides. In contrast, complex alterations such as large insertions are required for
example for experiments involving genetic tags.

We introduced CASTLING which allows for pooled library construction with gene tag-
ging genotypes in Saccharomcyes cerevisiae [116]. The strategy applies the concept of
self-integrating cassettes (SICs), genetic constructs which combine all the information
required for CRISPR-Cas12a-assisted gene targeting on the same molecules. Using this
concept gene targeting is enhanced by directing CRISPR-Cas12a to the target gene of
interest for DSB induction. We could show that with the CASTLING strategy tagging
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efficiency and fidelity are considerably improved which allows for pooled library construc-
tions. CASTLING encompasses an in vitro cloning strategy to construct SIC pools from
microarray-synthesized oligonucleotide pools, the use of these SIC pools to construct yeast
libraries and finally the genotyping of such libraries using Anchor-Seq. The integrated
SICs provide the anchoring sequences for Anchor-Seq and therefore provide access to the
genotypes in the pool directly while most other approaches only rely on indirect inference
of genotype counts from sequencing crRNAs or other barcodes [138, 139, 140, 141, 142,
143].

Starting with a selected subset of 215 yeast genes it was shown how CASTLING can in-
deed yield robust and comprehensive pooled libraries with tag genotypes. The genes were
selected based on an easily quantifiable phenotype when C-terminally tagged with mNeon-
Green. This allowed to determine a tagging fidelity of 90 % for the pooled CASTLING
process which recapitulates the results of individual gene taggings with single SICs. When
I inspected the junction between the coding sequence of the endogenous gene and the tag
the most likely explanation for failed taggings were deletions introduced by the oligonu-
cleotides used to convey the targeting information [116, 146]. The likelihood for an
oligonucleotide to contain errors increases with its length and since relatively long se-
quences are needed for the CASTLING strategy, a substantial fraction of the oligonu-
cleotide pool molecules will contain errors [116]. Given that the tagging fidelity of a
CASTLING experiment is similar to that of single gene taggings it can be concluded
that the in vitro and in vivo CASTLING processes select against those erroneous oligonu-
cleotide sequences likely because several steps are facilitated by considerable sequence ho-
mologies. When the individual steps of the SIC pool construction during CASTLING were
sequenced it was observed that oligonucleotide sequences are more likely to be depleted
than enriched during the RCA step and that this amplification seems to be stochastic as
only moderate reproducibility was observed for replicative reactions [116].

Genotyping CASTLING libraries with the small nuclear pool design revealed that a cov-
erage of up to 90 % of the targeted genes was reproducibly possible. When attempting a
genome-wide pool design approximately 50 % coverage was achieved. Interestingly, the
number of recovered clones after transformation only had a limited impact on gene cov-
erage while using distinct SIC pool preparations increased genotype complexity. This
is explained by the observation that the genotype distribution is skewed because of the
overrepresentation of some genotypes in the pool. This imbalance in sequence represen-
tation was already observed in the starting material of the CASTLING process which is
the amplified oligonucleotide pool. The overrepresentation of sequences is problematic
in that it reduces the coverage of targeted genes which can be achieved with a certain
number of clones in a library [177]. As it was observed for the CASTLING libraries
with genome-wide pool design increasing recovered clone numbers alone did not alleviate
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library coverage in a scalable manner.

It would therefore be interesting to further investigate how the CASTLING protocol could
be improved. First experiments were conducted in the lab in which the yield of the in vitro
homology-directed assembly reaction was improved so that the RCA can be conducted
with higher template amounts. As this should reduce the skewed genotype representation
of the SIC preparation step of CASTLING this potentially could improve reproducibility.
This assumption remains to be tested by sequencing of the individual reaction steps.

Additionally, several strategies could be explored to reduce the skew in the sequence
abundance distribution by removing highly abundant sequences. These strategies can be
subdivided into untargeted and targeted approaches. One untargeted approach would
be to perform in vitro compartmentalization of minute enzymatic reaction volumes with
water-in-oil emulsions which has been shown to alleviate problems of bulk PCR and other
reactions [178]. In contrast, one could also perform untargeted depletion of overrepre-
sented sequences by using thermostable duplex-specific crab nuclease which has been used
for cDNA [179] and RNA-Seq [180] library normalization. As a targeted alternative, in
vitro depletion with Cas9 ribonucleoproteins specific for undesirable (i.e. overrepresented)
sequences has been already used for NGS library normalization [181] and CRISPR pool
customization [182]. Finally, several CASTLING libraries could be constructed in se-
ries using oligonucleotide pool designs which are incrementally updated by removing the
overrepresented oligonucleotide sequences. These suggestions provide opportunities for
improving the efficiency of the CASTLING protocol in the future.

In general, a heterogeneous pooled library is fractionated for analysis into bins of differing
phenotype which are then individually genotyped by NGS [1]. Perspective applications
for CASTLING libraries depend on the type of tag used for genotype construction and
the assay which can be used for phenotypic characterization. Of particular interest are
fluorescent protein tags because they can inform about protein abundance, localization
and stability [4, 5]. Previously, pooled libraries constructed with fluorescent protein tags
could be analyzed most easily with fluorescence-activated cell sorting (FACS) and one
application of this approach for protein abundance profiling is showcased in this thesis.
Unfortunately, the accessible phenotypic space is limited when FACS is applied. More
recently, the application space of pooled tag libraries constructed with CASTLING is
broadened by the development of image-activated cell sorting (IACS) which integrates
high-content image acquisition with machine learning for decision making and cell sort-
ing (reviewed in ref. [183]). An alternative approach for pooled library sorting based
on more complex cellular features than with FACS is based on cells which express a
photo-convertible marker. This is achieved by identifying interesting cells by microscopic
imaging. Laser targeting is used to label such cells by photoconversion of the marker. The
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labeled cells are subsequently sorted by FACS [184]. High-content microscopy also has
been shown to enable phenotypic characterization and subsequent in situ genotyping of
pooled libraries [185, 186]. This approach was integrated with CRISPR-mediated library
construction in bacteria [187] and mammalian cells [188, 189]. Finally, pooled CRISPR
screens have been integrated with single-cell RNA-seq enabling the interrogation of a
massive number of phenotypes [190, 191, 192, 193]. CASTLING extends the available
genetic modifications for this type of high-throughput genetic analysis.

In summary, CASTLING provides a strategy to create pooled libraries of complex tag
genotype collections for functional genetics experimentation and shot-gun cell biology
using targeted pooled screens.

4.3 Single-gene and modular PCR tagging in mammalian cells

From early on gene targeting of large heterologous constructs in mammalian cells re-
quired long homologous sequences of several hundred nucleotides which necessitates te-
dious cloning for HR donor template generation for every single target [16]. Later, it be-
came clear that simultaneous DSB induction using target site-specific nucleases increased
targeting efficiencies to a level which allowed for the use of HR templates with homology
length as short as 50 nucleotides [26]. Cloning-free generation of the HR template by PCR
was therefore feasible. The CRISPR-Cas9 and -Cas12a endonucleases are exceptionally
appealing as site-specific endonucleases because of how easily they can be repurposed to
a new target. However, earlier published strategies based on these endonucleases still
provided separate components for crRNA expression for endonuclease targeting and tag-
ging construct for repair by HR. This contradicted the aim of the simplified PCR tagging
idea [194, 195, 196, 197, 198]. However, the SIC concept by design unifies both com-
ponents for CRISPR-mediated tagging in the same molecule and therefore allows for a
protocol which just requires a single PCR reaction to produce all required reagents for
targeting a gene of interest in mammalian cells. Together with my colleagues I presented
the consequent implementation and characterization of this procedure [117].

We showed that the SIC design, originally developed for CRISPR-enhanced gene tagging
in yeast cells (see section 3.2; ref. [116]) can also facilitate a PCR tagging strategy in
mammalian cells [117]. For this a SIC is generated by performing one PCR-reaction us-
ing target-specific primers and a template containing the tag sequence. For C-terminal
tagging the reverse primer provides homologies to the 3’UTR of the targeted gene as well
as the crRNA sequence guiding DSB induction around the stop codon of the targeted
gene. The crRNA expression is driven by a PolIII promoter included in the tag template.
Homologies to the coding sequence of the target gene are introduced using the forward
primer. The resulting PCR products, the PCR cassettes, are transfected into mammalian
cells together with a helper plasmid for CRISPR-Cas12a expression. When all these
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components are provided they allow for efficient and specific gene tagging. Nevertheless,
an unexpected phenotype of diffuse cytoplasmic fluorescence was observed during trans-
fection of PCR cassettes for C-terminal gene tagging with mNeonGreen. This artifact
occurred independently from CRISPR-Cas12a expression and was unstable. [117].

Earlier studies have established that transfected DNA molecules are readily concatemer-
ized into tandem head-to-tail structures via HR. In case the DNA is linear, intramolec-
ular ligation by NHEJ leads to circularization of the exogenous material. These circular
molecules then preferentially recombine intermolecularly into concatemers in a tandem
head-to-tail conformation mediated by HR [16, 17]. Head-to-tail concatemers were fur-
thermore very recently reported in the context of CRISPR-Cas9-mediated genome editing
experiments in mice [199]. There are several lines of evidence presented in this thesis which
support the model of in vivo concatemerization of the transfected PCR cassettes via this
mechanism. Anchor-Seq of transfections with PCR cassettes for single genes as well as
cassette mixtures indicated that the linear PCR cassette molecules circularize preferen-
tially by intramolecular ligation in head-to-tail conformation likely mediated by NHEJ.
This was further validated in junction-specific PCR reactions. Further indirect evidence
for head-to-tail ligation of the PCR cassette comes from the occurrence of the cytoplas-
mic tag artifact itself. Head-to-tail ligation brings the 5’end of the coding sequence of the
tag into close proximity with the PolIII promoter which usually drives expression of the
crRNA gene. It has been shown that PolIII promoters can also allow for PolII expression,
including the U6 promoter used here [153, 154]. The observed diffuse cytoplasmic GFP
signal therefore likely originates from expression of mNeonGreen which is not fused to
any upstream coding sequence. The mNeonGreen expression is driven by the U6 PolIII
promoter in head-to-tail ligated PCR cassettes. This would further suggest that inhibiting
NHEJ and therefore preventing end-to-end ligation would reduce this artifact as it was
observed when modified primers were used for PCR cassette preparation. In addition,
changing the expression context for example by removing potential start codons from
the mNeonGreen coding sequence reduced the occurrence of cells with cytoplasmic fluo-
rescence. It can be expected that independent tag expression upon head-to-tail ligation
depends on various circumstances. For example after NHEJ the resulting DNA sequence
needs to allow for efficient translation. This likely explains why some PCR cassettes ex-
hibit more cytoplasmic artifacts than others. The decrease of the number of cells with
diffuse cytoplasmic signal over time is an indication that most molecules which are ligated
in head-to-tail conformation are genetically unstable and therefore likely extrachromoso-
mal. Nevertheless, even after 30 days of cultivation these head-to-tail ligation products
could be detected by PCR and had therefore likely chromosomally integrated. This is
evidence that at least a small fraction of head-to-tail ligations involve more than one copy
of the PCR cassette in tandem which supports the model that the linear PCR cassettes
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are not only intramolecularly ligated by NHEJ but also intermolecularly concatemerized
by HR as suggested by Folger et al. [16, 17].

Integration events involving concatemerized PCR cassettes are unproblematic for the
expression of the tagged endogenous gene as the PCR cassette includes a heterologous
sequence for proper termination. However, independent tag expression from downstream
head-to-tail junctions leading to fusions between the U6 PolIII promoter and the tag cod-
ing sequence might be considered an obstacle of the PCR tagging approach. It is quite
likely that only a few molecules provide the necessary genetic sequence for efficient and
independent tag expression. One indication for this is that cells with diffuse cytoplas-
mic signal were rarely observed after a prolonged time of cultivation after transfection
although head-to-tail ligation products were still well detectable by PCR as mentioned
above. The integration of concatemerized PCR cassettes could be avoided using the fol-
lowing strategy. Folger et al. observed that also the circular DNA of intact plasmids is
a competent substrate for HR similar to linerarized DNA which circularized in the cells.
However, plasmid DNA and circularized linear DNA are substrates for HR only for a
limited time after transfection [200]. For CRISPR-Cas9 mediated gene targeting a plas-
mid excision strategy has been proposed. In this strategy the HR donor is cloned into a
plasmid which is then transfected into cells. In addition, these cells also express sgRNA-
Cas9 enzyme complexes targeting the genomic locus of interest as well as the plasmid
containing the HR donor. Consequently, DSBs are introduced on the plasmid so that
the HR template is excised and available for HR-mediated repair inside the cells [201].
Based on the results by Folger et al. it seems likely that the donor plasmid undergoes HR
and form head-to-tail concatemers upon transfection. Nevertheless, after CRISPR-Cas9
targeting and excision the HR template molecules would again be single copies. Because
transfected DNA seems to be able to concatemerize only for a limited time it can be
assumed that the linearized HR template molecules will not concatemerize again if there
is some temporal delay between concatemerization and plasmid excision. Therefore, no
integration of concatemerized HR template molecules should be observed for a plasmid
excision strategy. It would be interesting to perform a respective experiment for the PCR
tagging strategy. On the contrary, cloning SICs into plasmids would abrogate one of the
advantages of the otherwise cloning-free PCR tagging approach.

The mammalian C-terminal tagging experiments of highly expressed and localized genes
with the mNeonGreen tag presented in this thesis allow for an easily distinguishable
phenotype. It was generally desirable to determine the fidelity of the junction between
the coding sequences of the endogenous gene and the tag. In order to do so I used NGS
of the PCR-amplified junctions to quantify the occurrence of mutations. Tagging fidelity
was high as more than 80 % of the reads exhibited the expected junction sequence. I
could observe that the likelihood of observing an error was generally higher towards the
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beginning of the tag coding sequence indicating that they might originate from incorrect
primer sequences which are then only partially corrected by mismatch repair during HR.
This is in agreement with the observation that HR becomes less efficient in tolerating
errors the further they are away from the DSB [202]. Analysis of the tagging experiment
of the gene CANX also revealed an opportunity for design rule optimizations for the PCR
tagging primers. In this case the targeting sequence was positioned so that DSB was
induced before the stop codon. Furthermore, the PCR cassette integration reconstituted
a sufficient target site so that the resulting sequence was again subject to further cutting
by the CRISPR-Cas12a complex. This lead to an increased rate of deletions most likely
introduced by NHEJ of the resulting DSB. Such constellations can be generally avoided
when target sites are placed so that the DSB is induced only after the stop codon.

A similar phenomenon was observed when I analyzed the wild-type allele in an analogues
manner. Around 10 % of the reads carried a mutation in an approximately 20 nucleotide
wide window around the target site where the DSB should occur. These numbers are an
underestimation as the genomic DNA was extracted from unselected cells and therefore
combine the events from altered, unaltered and untransfected cells. Nevertheless, assum-
ing that transfection efficiencies in HEK293T cells are usually around 50-90 % [151, 152],
these numbers should be off by no more than two-fold. In case the free ends of the Cas12-
mediated DSB are directly repaired by NHEJ the wild-type allele is reconstituted and
can again be a target for the Cas12a complex. This cycle can repeat until the sequence
of the target site is either disrupted when the PCR cassette is integrated (either by HR
or NHEJ) or by mutations introduced during DSB repair. One can expect that CRISPR-
Cas12a-induced DSBs which have a four nucleotide overhang are very efficient substrates
for NHEJ and might often be repaired without errors. It would be interesting to repeat
the experiment with cells which were selected for a stably integrated PCR cassette using
a selection marker or to characterize individual clonal lines to be able to better estimate
the prevalence of modifications of the wild-type locus in successfully targeted cells. As
a potential consequence of stimulating mutations at the terminal side of the wild-type
locus, expression might be hampered, because these mutations can trigger surveillance
pathways such as nonsense-mediated decay [203].

It might be possible to further optimize the mammalian PCR tagging protocol by in-
cluding procedures to modulate DSB repair pathway selection in the target cells. Several
strategies have been shown to enhance editing efficiencies in CRISPR-Cas experiments by
stimulating HR activity. These strategies include small molecules or heterologous protein
expression to restrict DSB repair to a certain cell cycles phase, or to either block NHEJ
or activate HR. In addition, tethering of the HR repair template to the DSB has been
reported to improve editing efficiencies (reviewed in [204]). Some of these approaches are
currently under investigation for integration with the mammalian PCR tagging strategy.
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Frequently, it has been noticed that CRISPR-Cas9 targeting can be unspecific and that
targeting at unintended sites occurs [205, 206, 207]. CRISPR-Cas12a had been reported
to be more specific but the concern persisted that the PCR tagging strategy itself could
lead to increased off-target integrations [208, 209, 210, 211]. To characterize to which
extend off-target integration plays a role in the PCR tagging strategy HEK293T cells
were transfected with PCR cassettes in the presence or absence of co-transfected CRIPSR-
Cas12a helper plasmid. Tn5-Anchor-Seq was used to determine genomic integrations of
PCR cassettes without the prior knowledge of genomic position. This data on the one hand
confirmed that PCR targeting at on-target sites required CRISPR-Cas12a expression as
such sites were not observed in transfection in which the CRISPR-Cas12a helper plasmid
was omitted. On the other hand, this data showed that several off-target integrations of
the PCR cassette occurred for each transfection but that these integration events appeared
to be randomly scattered throughout the genome and that integration was independent
on CRISPR-Cas12a expression. It could therefore be concluded that random integrations
of the PCR cassettes are a frequent by-product of transfections as it had been previously
observed [16, 212]. As CRISPR-Cas12a-mediated cleavage is not a requirement for these
off-target integrations of the PCR cassette the most likely explanation for their presence
is the occurrence of spontaneous DSBs and HR-independent repair thereof. It would be
interesting to further investigate how these off-target integrations generalize to other types
of donor DNA (e.g. circular double-stranded or linear single-stranded DNA) or other cell
lines than HEK293T which was used for the experiments presented here.

Another possibility to improve PCR tagging could be to include a step in which cells with
random integrations of the PCR cassette are selectively removed. A respective approach
termed positive negative selection (PNS) was previously introduced for gene targeting in
mice [213]. In this strategy the gene targeting construct contains two markers. One marker
confers drug resistance (i.e. positive selection) and the other marker confers sensitivity
to another drug (i.e. negative selection). The HR donor template is structured in a way
so that only the positive selection marker is genomically integrated if HR occurs with
the donor template. In case the construct is randomly integrated by NHEJ both markers
are preferentially integrated because the negative selection marker extends the homology
arm to one side. In consequence, the integrating cell becomes sensitive to the drug used
for negative selection. After transfection cells are selected with both drugs to selectively
kill cells which either have integrated the donor template by NHEJ or which have not
integrated the template at all. This strategy allowed for an approximately 2000-fold
increase in cells with HR events over NHEJ events [213]. If selection would be an option in
a PCR tagging experiment one could add a suitable counter-selectable marker to the PCR
cassette for example by fusion PCR using one homology arm as overlap. Nevertheless,
this strategy first needs to be tested because few nucleotides of non homologous sequences
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at the end of the PCR cassettes impaired targeting efficiency [117] and the homologous
sequences used in the original PNS study had a length of several thousand nucleotides
while PCR tagging involves very short homologous sequences of less than 100 nucleotides.

In summary, mammalian PCR tagging provides an CRISPR-Cas12a-mediated route for
specific tag genotype construction in mammalian cells. As with every gene targeting
strategy, it cannot prevent the need to confirm the correct integration [214] but because
this strategy omits the need for elaborate cloning of genetic constructs it lower the bar
for performing gene targeting experiments [117].

4.4 LAMP-sequencing validates a diagnostic SARS-CoV-2 assay

As of writing of this thesis the COVID-19 pandemic is still an ongoing threat to the world
community. While vaccination programs have allowed to return back to some sort of
normality in privileged countries the spread of the COVID-19 causing virus SARS-CoV-2
remains a problematic reality [215]. Therefore, countermeasures such as extensive diag-
nostic testing to reveal and control outbreak situations remain critically important [216].

One of the most sensitive assays for SARS-CoV-2 detection is based on RT-qPCR and is
a widely applied testing solution [103, 102]. Especially during the beginning of the pan-
demic reagents for this assay were limited which exposed the need to evaluate alternative
assay modalities. Here the diagnostic potential of a colorimetric RT-LAMP assay was
evaluated under real-world conditions with patient samples. In addition, an adaptation
of Tn5-Anchor-Seq termed LAMP-sequencing supported the validation of this RT-LAMP
assay [115].

A published colorimetric RT-LAMP assay for SARS-CoV-2 detection was established with
a spectrometric readout [130, 115]. In total, extracted RNA from 768 pharyngeal swab
samples was evaluated with this assay. In addition, the same material had been quantified
for SARS-CoV-2 genomes using a gold standard RT-qPCR assay. The samples covered
a wide range of virus titers which allowed to test the diagnostic potential of the SARS-
CoV-2 RT-LAMP assay. Across all samples a high specificity was observed. For samples
with a high to intermediate viral load, i.e. CT values below 30, the sensitivity was also
high. However, the sensitivity dropped considerably for samples with lower viral titers
(CT>30). According to the manufacturer of the RT-qPCR assay used here, a CT value
of 30 corresponds to ∼1000 viral genomes in the RT-qPCR reaction. It is difficult to say
whether an individual with such a viral load would still be contagious. In any case, the
RT-LAMP assay proved valuable in detecting cases with high to intermediate viral loads.

One difficulty while implementing the RT-LAMP assay was the occurrence of positive
RT-LAMP reactions upon prolonged incubation. It was initially unclear if this was the
result of inconsistent specific amplification due to low viral titers or due to spurious
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amplification [217]. It was therefore necessary to further characterize the LAMP products
of these samples. I designed an adaptation of Tn5-Anchor-Seq for highly multiplexed
sequencing of RT-LAMP reaction products which was termed LAMP-sequencing. In
addition to the adapter-specific primer the second PCR was performed with plate-specific
index primers and a LAMP-amplicon-specific bridging primer. Such a bridging primer
allows to adapt a new anchor sequence while the plate-specific index primers can remain
the same which reduces the investment for Tn5-Anchor-Seq protocol adaptations.

Almost all RT-LAMP assay results were confirmed by LAMP-sequencing. It needs to
be stressed that LAMP-sequencing can only inform about the nature of the amplified
LAMP product and not about the absence of template in case the LAMP amplification
failed. However, RT-LAMP reactions which turned positive after a prolonged incubation
time contained no evidence for amplification of viral sequences. Instead, only sequences
covering the LAMP assay primers sequences were detected. This finding supports the
hypothesis that without template LAMP primer sets might still initiate priming at a lower
rate leading to unspecific amplifications. Such artifacts could by avoided by including
sequence specific probes although this could only be implemented at the expense of the
simple assay readout by reaction color [218].

One disadvantage of the colorimetric RT-LAMP assay is that no internal control can be
included in contrast to the RT-qPCR assay because only the presence or absence of DNA
amplification is scored. Multiplexed LAMP assays using differently labeled fluorecence
probes have been reported to be problematic and this readout alternative would again
require specialized equipment [219]. LAMP-sequencing provides an alternative readout
modality for RT-LAMP assays. This might also hold true for multiplexed RT-LAMP
reactions but would require further investigations.

As alternative to LAMP-sequencing the LAMP primers of the assay could also be barcoded
directly so that samples can be pooled right after the RT-LAMP reaction. However, the
barcode sequences within the LAMP primers can have an impact on the amplification
efficiency and hence must be carefully selected for every new LAMP primer set [220].

Taken together, LAMP-sequencing confirmed that a colorimetric RT-LAMP can be used
as SARS-CoV-2 diagnostic. The assay performs very well for the detection of high to
intermediate viral loads. Together with its low-cost and scalability this assay is therefore
exceptionally well suited for sentinel testing. Our lab explored and implemented such a
strategy which also relied on self-sampled saliva specimens [221]. In principle, LAMP-
sequencing would allow to characterize a large number of such diagnostic samples because
of its high multiplexing capabilities.
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4.5 Conclusion

In this thesis I presented my work on developing scalable technologies for gene tagging in
yeast as well as mammalian cells and their characterization by NGS.

Cataloging natural diversity by next-generation sequencing and multi-parametric omic
studies creates a multitude of testable hypotheses. Yet, experimental approaches to cur-
rently generate respective genetic manipulations to test such hypothesis are lagging be-
hind. One obstacle is the widespread construction of arrayed mutant collections as their
scalability in terms of resources and effort is limited. Here I was involved in the imple-
mentation and characterization of the CASTLING methodology. This approach applies
the programmable endonuclease CRISPR-Cas12a and oligonucleotide pools to generate
pooled collections of Saccharomcyes cerevisiae strains with tagged genes. The method
was extensively validated and potential shortcomings were identified. The ultimate goal
of single constructions of pooled collections with genome-wide coverage was explored.
This work paves the way to generate complex genetic alterations in a pooled format for
functional genetics applications. I discussed how CASTLING will develop its full potential
as soon as appropriate assay technologies become available.

In a collaborative effort I have continued with applying the ideas from the CASTLING
strategy to enhance gene tagging in mammalian cells. Previous approaches are experimen-
tally tedious and relatively inefficient. The application of CASTLING-like DNA cassettes
in mammalian cells allowed for a simplified PCR-based tagging strategy. Parameters influ-
encing efficiency and quality of the tagging were identified including mapping of potential
off-target integrations of the PCR tagging cassette. Along the way an experimental arti-
fact was observed which was explained by arbitrary tag expression. I suggested a model
based on concatemerized PCR tagging cassettes which would explain this artifact. The
model was supported by direct and circumstantial evidence. Taken together, this study
provides a strategy for streamlined gene tagging in mammalian cells which reduces the
effort needed to gain biological insights.

Central for these studies was the development of an improved NGS strategy for genome
walking sequencing which allows for the targeted enrichment of unknown sequences ad-
jacent to genomic sites of interest. The substitution of several experimental steps of our
original genome walking protocol Anchor-Seq with one in vitro tagmentation step allowed
for more rapid and efficient experimentation. In addition, this Tn5-Anchor-Seq protocol
was influenced by ideas from several complementary approaches and unified their advan-
tages. I implemented and used throughout my work versatile computational workflows to
analyze the Tn5-Anchor-Seq data. In the end I provided ideas on how the Tn5-Anchor-Seq
protocol could be further applied and improved.

An important aspect which motivated the development of Tn5-Anchor-Seq was scalabil-
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ity. During the beginning of the SARS-CoV-2 pandemic in 2020 our lab was involved
in implementing a diagnostic RT-LAMP assay for viral genome detection. I helped to
validate this assay by designing and performing an application of Tn5-Anchor-Seq termed
LAMP-sequencing which allowed to sequence hundreds of RT-LAMP reactions. This
analysis was critical in that it validated the quality and feasibility of the RT-LAMP assay
as an alternative modality for large scale SARS-CoV-2 testing. In addition, this work
confirmed that the Tn5-Anchor-Seq approach is indeed highly scalable and can be easily
and rapidly adopted to new applications.

In conclusion, this thesis provides and applies several technological advancements in the
field of NGS, genome engineering and diagnostic testing which open up new opportunities
to elucidate fundamental biological questions.
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Figure 4.1: Simplified schematic overview of the LAMP reaction. Both DNA strands of the
target region are indicated but only one route of the amplification reaction is shown which uses the reverse
complement strand (light gray) as template. The target sequence is flanked by primer binding sites for
forward primers (F1, F2, F3) and reverse primers (B1, B2, B3). LAMP primers (F3, FIP, B3 and BIP)
encompass one or two primer binding sites. Complement primer binding sites are suffixed with a ”c”.
The amplification reaction has three stages. In the initiation phase the template DNA strand is primed
by primers FIP, BIP, F3 and B3. The resulting structure serves as template for the cycling phase which
also uses the FIP and BIP primers. The reaction kinetics can be improved by including loop-mediated
priming by primers LF and LB (not shown). During the elongation phase DNA molecules are further
extended leading to long concatemers of the target region. In practice the reaction products are likely
more complex and accompanied by side products with different structures.
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Figure 4.2: Genotyping of non-fluorescent cells of a small nuclear CASTLING library. (a)
Non-fluorescent cells were retrieved from small nuclear yeast library 1a using fluorescence activated cell
sorting (FACS) and confirmed by fluorescence microscopy. The junction upstream (UP) and downstream
(DOWN) of the cassette insertion site was enriched using Tn5-Anchor-Seq resulting amplicons were
cloned for Sanger sequencing. (b) Observed Sanger sequencing reads (transparent color) is compared to
the expected sequence (filled color) of a correctly inserted cassette. Number of sequenced amplicon clones
is indicated on the right (#observations). UP amplicons reveal mostly indel mutations (red asterisks)
leading to frame-shift mutations in the polypeptide linker between tagged CDS and tag. For one ORF
(IPI1) a more complex indel was observed which was most likely mediated by a microhomology (MH)
present in the linker and 3’UTR of this gene. DOWN amplicons show that expected and observed
sequence match without errors confirming correct integration of the cassette.
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Figure 4.3: Cross-study correlations of protein abundance estimates. Heatmap of spearman
correlation coefficients between protein abundance estimation using a CASTLING library (BUC, colored
red) and earlier studies compiled in Ho et al. [150]. Except for BUC and MEU [134] the respective studies
are abbreviated as by Ho et al.. Studies used for comparisons depicted in Figure 3.17 are indicated with
an asterisk. Furthermore, different study characteristics (growth phase, medium and study type) as
compiled in [150] are indicated. The figure was reproduced from [116] with permission.
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Figure 4.4: Failed reactions in the LAMP-sequencing experiment. (a) Same as Figure 3.29
with annotation of one particular row of an array plate from which five samples of the 14 samples with
too few reads originate. (b) The five samples resulting in too few LAMP-sequencing reads in panel a
clearly show DNA content in DNA gel electrophoresis two of which (A5 and A6) also show the expected
LAMP banding pattern for positive samples. Contrary, two other samples (A7 and A8) do not seem
to contain DNA although they resulted in considerable reads in LAMP-sequencing. It was therefore
concluded that the failure to obtain reads for the 14 RT-LAMP samples with too few reads resulted
from LAMP-sequencing multiplexing issues (e.g. pipetting errors) instead of lack of material after the
RT-LAMP assay. The figure was reproduced in modified form from [115] with permission.
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