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Summary

Mutation has long been a central topic in biology, as it provides the raw material for
genetic diversity and represents the ultimate source of adaptation. The genome
sequences observed in present-day individuals have already undergone mutation,
together with recombination and selection, over the course of evolution. Over the past
decade, short-read sequencing has been widely used to study mutations and mutation
rates, leading to a strong understanding of genetic variation at the scale of single-
nucleotide polymorphisms (SNPs) and small insertions and deletions (indels).
However, the investigation of mutations in other genomic regions, such as repetitive

sequences, had to await new technologies.

In the last decade, long-read single-molecule sequencing has seen increasing
application in genomics. Among these technologies, Pacific Biosciences (PacBio)
High-Fidelity (HiFi) sequencing employs circular consensus sequencing, merging
multiple passes of a single molecule into one high-accuracy read. Both chapters here
detect mutations using HiFi sequencing, each focusing on different features of the

technology.

In Chapter One, | exploit the long-read and high-accuracy characteristics of HiFi
sequencing to describe telomeric repeat diversity in Arabidopsis thaliana. Telomeres,
located at the ends of linear chromosomes, protect chromosomes from degradation.
In many species, telomeric regions consist of short repeat units; in A. thaliana, the
canonical unit is a seven base-pair (bp) sequence, TTTAGGG. While the very ends
are composed of canonical repeats, more proximal regions contain variant repeat
types, indicating that mutations have occurred. | comprehensively characterized
sequence variation in telomeric repeat arrays at the chromosome ends across 74
genetically diverse A. thaliana accessions. | identified several distinct types of

telomeric repeat wunits, uncovered evolutionary processes such as local



homogenization and higher-order repeat formation, quantified telomeric repeat number
changes at both germline and somatic levels, and revealed chromosome end-specific
patterns in the distribution of variant repeats. These findings provide a detailed view of
telomeric repeat variation in A. thaliana at multiple levels, expanding our knowledge of

the evolution of chromosome ends.

In Chapter Two, | leverage the features of circular consensus sequencing and
amplification-free library preparation, which allow multiple passes of each DNA strand
for a single molecule. This approach enables high-accuracy sequencing of both
strands, allowing the detection of sequence differences between them. Such
differences can reflect unrepaired errors or misrepair events during DNA replication. |
present a method to identify sequence differences between the two strands within
single molecules. By analyzing polymerase kinetic information, specifically, pulse width
and interpulse duration, | confirmed the authenticity of these events. To validate this
pipeline, | analyzed one A. thaliana accession with 3,747,759 molecules and identified
three molecules exhibiting sequence differences greater than 50 bp. Further
examination of the detailed sequence characteristics suggested that these events
could result from template switching, slippage-mediated strand mispairing, or
palindrome-mediated deletions. This study provides a proof-of-concept approach for
capturing differences between strands immediately after new strand synthesis but prior
to repair, or following erroneous repair, thereby deepening our understanding of how

mutations arise.

Together, these two studies uncover mutational processes in A. thaliana at different
scales using the latest single-molecule long-read sequencing technology. Specifically,
these findings enhance our understanding of germline and somatic mutations at
telomeric regions, as well as ongoing mutations during DNA replication in leaf tissue.
Moreover, the approaches developed here can be applied to study mutational

processes in other tissues and species.



Zusammenfassung

Mutationen sind seit langem ein zentrales Thema der Biologie, da sie das Rohmaterial
fur genetische Vielfalt liefern und die ultimative Quelle der Anpassung darstellen. Die
in heutigen Individuen beobachteten Genomsequenzen haben bereits Mutationen
durchlaufen, zusammen mit Rekombination und Selektion, im Verlauf der Evolution. In
den letzten zehn Jahren wurde das Short-Read-Sequencing weit verbreitet eingesetzt,
um Mutationen und Mutationsraten zu untersuchen, was zu einem tiefen Verstandnis
der genetischen Variation auf der Ebene einzelner Nukleotidpolymorphismen (SNPs)
und kleiner Insertionen und Deletionen (Indels) gefuhrt hat. Die Untersuchung von
Mutationen in anderen genomischen Regionen, wie z.B. repetitiven Sequenzen,

musste jedoch auf neue Technologien warten.

Im letzten Jahrzehnt hat das Long-Read-Single-Molecule-Sequencing zunehmend
Anwendung in der Genomik gefunden. Unter diesen Technologien verwendet das
High-Fidelity-(HiFi)-Sequencing von Pacific Biosciences (PacBio) das sogenannte
,Circular Consensus Sequencing“, bei dem mehrere Durchlaufe eines einzelnen
Molekuls zu einem hochgenauen Lesedurchgang zusammengefuhrt werden. Beide
hier vorgestellten Kapitel detektieren Mutationen mithilfe des HiFi-Sequencings, wobei

jedes Kapitel unterschiedliche Eigenschaften der Technologie in den Fokus stellt.

Im ersten Kapitel nutze ich die langreichweitigen und hochgenauen Eigenschaften des
HiFi-Sequencings, um die Vielfalt der telomerischen Wiederholungen in Arabidopsis
thaliana zu beschreiben. Telomere, die sich an den Enden linearer Chromosomen
befinden, schitzen Chromosomen vor Abbau. In vielen Arten bestehen telomerische
Regionen aus kurzen Wiederholungseinheiten; in A. thaliana ist die kanonische Einheit
eine sieben Basenpaare (bp) lange Sequenz, TTTAGGG. Wahrend die aullersten
Enden aus kanonischen Wiederholungen bestehen, enthalten proximale Bereiche

Varianten von Wiederholungseinheiten, was darauf hinweist, dass Mutationen



stattgefunden haben. Ich habe die Sequenzvariation in telomerischen
Wiederholungsarrays an den Chromosomenenden Uber 74 genetisch diverse A.
thaliana-Accessions umfassend charakterisiert. Dabei habe ich mehrere
unterschiedliche Typen von telomerischen Wiederholungseinheiten identifiziert,
evolutionare Prozesse wie lokale Homogenisierung und Bildung hoherer
Wiederholungen  aufgedeckt, @ Veranderungen der Anzahl telomerischer
Wiederholungen sowohl auf Keimbahn- als auch auf somatischer Ebene quantifiziert
und chromosomenspezifische Muster in der Verteilung der Varianten festgestellt.
Diese Ergebnisse bieten einen detaillierten Einblick in die Variation telomerischer
Wiederholungen in A. thaliana auf mehreren Ebenen und erweitern unser Wissen uber

die Evolution der Chromosomenenden.

Im zweiten Kapitel nutze ich die Eigenschaften des Circular Consensus Sequencing
und der amplifikationsfreien Bibliotheksvorbereitung, die mehrere Durchlaufe jeder
DNA-Strangsequenz fur ein einzelnes Molekul ermoglichen. Dieser Ansatz erlaubt
eine hochgenaue Sequenzierung beider Strange, wodurch Unterschiede zwischen
ihnen erkannt werden konnen. Solche Unterschiede konnen unverheilte Fehler oder
Fehlreparaturen wahrend der DNA-Replikation widerspiegeln. Ich stelle eine Methode
vor, um Sequenzunterschiede zwischen den beiden Strangen innerhalb einzelner
Molekulle zu identifizieren. Durch die Analyse polymerasekinetischer Informationen,
insbesondere Pulsbreite und Interpulsdauer, konnte ich die Authentizitat dieser
Ereignisse bestatigen. Zur Validierung dieses Ansatzes analysierte ich eine A.
thaliana-Accession mit 3.747.759 Molekulen und identifizierte drei Molekule mit
Sequenzunterschieden von mehr als 50bp. Eine genauere Untersuchung der
Sequenzmerkmale deutete darauf hin, dass diese Ereignisse durch Template
Switching,  Schlupf-vermittelte = Strangfehlpaarung oder palindromvermittelte
Deletionen entstehen konnten. Diese Studie liefert einen Proof-of-Concept-Ansatz, um
Unterschiede zwischen Strangen unmittelbar nach der Synthese des neuen Strangs,
aber vor der Reparatur, oder nach fehlerhafter Reparatur zu erfassen, und vertieft

damit unser Verstandnis dariiber, wie Mutationen entstehen.



Zusammen decken diese beiden Studien mutationale Prozesse in A. thaliana auf
unterschiedlichen Skalen mithilfe der neuesten Single-Molecule-Long-Read-
Sequenzierungstechnologie auf. Insbesondere erweitern diese Ergebnisse unser
Verstandnis von Keimbahn- und somatischen Mutationen in telomerischen Regionen
sowie von laufenden Mutationen wahrend der DNA-Replikation im Blattgewebe.
Daruber hinaus konnen die hier entwickelten Ansatze angewendet werden, um

mutationale Prozesse in anderen Geweben und Arten zu untersuchen.
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1 Introduction

1.1 Mutation

Mutations are the foundation of genetic variation and evolution. They can be
categorized in several ways. Depending on origin, mutations can be classified
into spontaneous or induced. Based on size, they can be divided into point
mutations and structural variants (SVs). Depending on the tissue in which they

occur, mutations can be categorized as germline or somatic mutations.

1.1.1 Causes of mutation

For spontaneous point mutations typically arise either from chemical alterations,
referred to as DNA lesions, such as deamination, or from errors introduced by
DNA polymerases during replication. For chemical alterations of DNA, various
factors influence the likelihood of such alterations, such as nucleosome
occupancy (Chen et al. 2012). Polymerase errors are mitigated by replicative
polymerase proofreading and mismatch repair. And only unrepaired lesions or

errors ultimately appear as heritable mutations.

Spontaneous SVs can arise in two ways: either first occurring on a single DNA
strand or directly as a double-strand break (DSB). SVs, including translocations,
insertions, deletions, and duplications, can be generated by replication errors,
including template switching (Chuong et al. 2024) or microhomology-mediated
break-induced replication (MMBIR) (Hastings et al. 2009). In these cases, the
event initially occurs on a single strand, i.e., the newly synthesized strand, and
is subsequently processed through repair mechanisms such as homologous
recombination, eventually resulting either in restoration of the wild-type

sequence or in a fixed mutation after DNA replication. Conversely, all types of
1



SVs, including translocations, inversions, insertions, deletions, direct or
inverted duplications, and transposon insertions, can arise directly from double-
strand breaks (Gomez-Herreros 2019). In addition, non-homologous end
joining (NHEJ) can introduce errors during the repair process, contributing to

mutagenesis (Goettel and Messing 2009).

Mutational heterogeneity can be influenced by intrinsic features of the
nucleotide sequence itself (Hara and Kuraku 2025; Xie et al. 2019). Regions
with high CG content tend to have higher cytosine-to-thymine transition rates
because cytosines within CpG dinucleotides are frequently methylated and
prone to deamination (Kiktev et al. 2018). Similarly, short tandem repeats are
highly mutable due to both unequal crossing over during meiosis and strand
slippage during DNA replication (Fan and Chu 2007), while certain sequences,
such as specific oligonucleotides, are prone to form non-B DNA conformations
(Guiblet et al. 2021), which are more susceptible to mutations via DSBs. In
addition, chromatin state can influence mutational patterns, with
heterochromatic regions exhibiting different mutation rates compared with open

euchromatic regions (Schuster-Bockler and Lehner 2012).

Apart from spontaneous mutations, the mutation rate can be increased by the
deliberate exposure of cells to physical agents, chemical agents, or viral
insertions. Examples of physical mutagens include ultraviolet (UV) light and
ionizing radiation. UV irradiation primarily induces DNA lesions such as
cyclobutane pyrimidine dimers, leading predominantly to C to T transitions
(Pfeifer 2020). Most of these lesions are subsequently repaired by nucleotide
excision repair (NER). lonizing radiation can induce single-nucleotide changes
as well as double-strand breaks, which may result in insertions, deletions, and
duplications (Adewoye et al., 2015). Chemical mutagens can form DNA adducts
(Seo et al. 2000), or induce other modifications, such as alterations in DNA

ultrastructure. Notable examples of chemically induced mutations include those
2



associated with human cancer (Poirier 2004). In addition, virus insertion
mutagenesis, particularly using retroviruses, has been widely employed to
generate large-scale mutant populations in many organisms (Golling et al.

2002).

1.1.2 Consequences of mutation

Mutations lead to genetic differences, for example, within a species, between
species, and between normal and diseased individuals. In an evolutionary
context, mutation primarily refers to germline mutations, which provide the raw
material for genetic diversity and are the ultimate source of evolution and
adaptation (Shendure and Akey 2015), but somatic mutations are important,
too. In humans, they cause disease, and in plants, they generate spots that can

be propagated clonally.

The genome sequences observed in any modern individuals within any species
have already undergone mutation, recombination, and selection during their
history. Of note, most mutations do not affect the phenotype of an individual
because they are in sequences that do not have specific functions. These
mutations are considered to be neutral. Some mutations, however, affect
fitness. For example, small indels can cause frameshift mutations, altering the
downstream amino acid sequence and potentially introducing a premature stop
codon. In-frame indels can also affect protein coding by adding or deleting
amino acids (Lek et al. 2016). Mutations in non-coding regulatory sequences
can lead to phenotypic changes as well, and many are associated with human
rare diseases (Short et al. 2018), while mutations that alter splice sites can
result in truncated gene products (Delettre et al. 2001). Additionally, mutations
can modify the location of recombination hotspots and cold spots within the

genome (Yap and Kreuzer 1991).



1.2 DNA sequencing

1.2.1 The objective of DNA sequencing

A natural DNA sequence is a specific arrangement of four types of nucleotides:
adenine, thymine, cytosine, and guanine. The primary goal of sequencing is to
determine the precise order of these nucleotide bases. Beyond simply
identifying the sequence, it also provides opportunities to understand why the
sequence is organized in a particular way, which is closely related to many
biological phenomena across all organisms. For example, once the DNA
sequence is known, we can study the structure of chromosomes. In eukaryotes,
long repetitive regions are found at the ends of chromosomes, which
researchers have named telomeres. Sequencing also allows us to investigate
patterns of mutation (Lynch 2010) by comparing sequences among individuals

or species, thereby revealing how genetic diversity arises and persists.

1.2.2 Development of DNA sequencing technologies

Since the first DNA sequence was determined in the late 1970s, over 50 years
have passed (Brownlee 2013), during which DNA sequencing has undergone
three major revolutions. The first generation of widely used sequencing
methods was Sanger sequencing, which uses chain-terminating dideoxy
nucleotides to generate DNA fragments of different lengths, allowing them to
be electrophoretically separated to determine the nucleotide order. After the
original method was established, several improvements were made between
1980 and 1987, including the introduction of shotgun sequencing, fluorescence-
based detection instead of the use of radioactively labeled chain terminators,
and the development of automated sequencing machines. By this time, millions

of bases had already been deposited in public datasets (Shendure et al. 2017).



From the 1990s to about 2005, most whole-genome sequencing studies were

based on the Sanger method.

The second generation of widely used sequencing methods, also known as
next-generation sequencing (NGS), refers to the era of short-read, high-
throughput sequencing, from roughly 2006 on. NGS platforms enabled massive
parallelization of sequencing reactions due to efficient in situ amplification
(Heather and Chain 2016), most notably through bridge amplification, greatly
increasing sequence output. Short-read sequencing made whole-genome
sequencing much more accessible and significantly reduced its costs, allowing
many laboratories to conduct population-level studies involving tens or even

hundreds of individuals by 2018.

The third generation of widely used sequencing methods, characterized by
single-molecule long-read sequencing, has become more widely used from
around 2019, although early implementations date back to 2009 or earlier.
Compared with the short reads of around 150 bp typical in the second-
generation era, long-read sequencing now routinely produces reads with tens
of kilobases in length, enabling much easier resolution of long-range genomic

structures, compared to conventional short reads.

1.3 The era of long-read sequencing

The 2020s have become the era of single-molecule long-read sequencing. For
the purpose of studying mutations, long-read sequencing greatly facilitates
achieving the goal of comprehensive identification of mutations — especially in
repetitive regions and large mutations, both of which are largely inaccessible to
short-read sequencing. Moreover, long-read sequencing is typically
amplification-free, ensuring that the output accurately reflects the original DNA

sequence with no GC bias. Currently, two major providers dominate single-
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molecule long-read sequencing products: Pacific Biosciences (PacBio) and
Oxford Nanopore Technologies (ONT). These technologies have significantly

increased read lengths to tens to thousands of kilobases.

1.3.1 Two representative technologies of the long-read

sequencing era

1.3.1.1 PacBio: Single-molecule real-time sequencing with zero-mode
waveguides

PacBio single-molecule real-time (SMRT) sequencing monitors the progress of
DNA polymerase performing uninterrupted, template-directed synthesis using
four distinguishable fluorescently labeled deoxyribonucleotide triphosphates,

which allow real-time detection of nucleotide incorporation (Eid et al. 2009).

During library preparation, double-stranded DNA is fragmented and ligated to
hairpin adapters at both ends, forming a topologically circular molecule called
a SMRTbell. The molecules are then loaded into zero-mode waveguide (ZMW)
nanostructure arrays in a SMRTcell, each containing millions of ZMWs, in each
of which a single DNA polymerase is immobilized. In addition to nucleotide
information, the raw sequencing output also includes polymerase kinetics
information, specifically pulse width (PW) per base and interpulse duration (IPD)
between two successive light signals. These kinetic signals can be used not
only for sequence determination but also to detect biological phenomena that
affect polymerase activity (Guiblet et al. 2018), such as base modifications (Tse

et al. 2021) and DNA secondary structures (Eid et al. 2009).

PacBio SMRT sequencing generates two types of long reads. Continuous long

read (CLR) sequencing produces reads longer than 50 kb but with a relatively

6



high error rate of 15%. In commercial applications, CLR has largely been
replaced by high-fidelity (HiFi) sequencing from 2021 onwards. HiFi reads,
generated using circular consensus sequencing (CCS), are around 15-20 kb
long, with an error rate below 1%. Each DNA strand is sequenced multiple times,

and the subreads are merged to form a high-accuracy consensus read.

The sequencing platforms have evolved alongside the sequencing strategies.
During the CLR era, the system progressed from RS Il to Sequel and then
Sequel Il. In the HiFi era, the platform evolved from the Sequel Il system, used
from 2019, to the Revio system, announced in 2022. In the Sequel Il system,
subreads must be processed with the CCS algorithm
(https://github.com/PacificBiosciences/ccs) to generate HiFi reads. In contrast,
the Revio system produces a single consensus read directly, leveraging the
DeepConsensus algorithm (Baid et al. 2023). Along with system upgrades, the
number of ZMWs per SMRTcell has increased, resulting in higher output (Ardui
et al. 2018). Currently, the Revio system can run up to 4 SMRTcells every 24
hours, producing up to 480 Gb of HiFi reads.

1.3.1.2 ONT: Nanopore-based single-molecule sequencing

ONT sequencing infers sequence information from ionic current signals (Wang
et al. 2021), generated when a DNA strand passes through a nanoscale protein
pore or nanopore. A motor protein positioned above the nanopore unwinds
double-stranded DNA and ratchets the single strands through the nanopore (He
et al. 2024). The DNA molecule changes the electric current through the
nanopore, enabling base calling and the detection of epigenetic base

modifications (Kovaka et al. 2025).

The typical length of ONT long reads ranges from 10 to 100 kb, but ultra-long

(UL) reads can range up to 1 Mb. UL reads are generated using a special library



preparation process. The current records exceed 4 Mb in a single continuous

read.

ONT has continuously developed improved nanopore chemistries to enhance
base-calling accuracy. The current R10 pore achieves around 95% accuracy,
thanks to a longer barrel and a dual-reader head design (Liu et al. 2021). ONT
has also tested duplex sequencing, where both strands of the same DNA
molecule are sequenced consecutively to improve read accuracy, potentially
reaching levels comparable to PacBio HiFi reads (Koren et al. 2024); however,

this approach is not used for commercial applications.

1.3.2 Long-read sequencing beyond genomic DNA

With the continuous improvement and widespread adoption of single-molecule
long-read DNA sequencing, a variety of applications beyond conventional DNA
sequencing have emerged. For instance, PacBio Iso-seq, ONT direct RNA-seq,
and ONT cDNA-seq enable the capture of full-length transcripts (Brooks et al.
2022). Long-read single-cell RNA sequencing further allows the identification
of isoform-specific expression across different life cycle stages (Dogga et al.
2024). Moreover, the multiplexed arrays sequencing (MAS-seq) approach
maximizes throughput on the PacBio CCS platform while retaining full-length

transcript information as much as possible (Al'Khafaji et al. 2024).

Beyond transcriptomics, long-read sequencing technologies have also been
adapted to study chromatin organization. For example, Fiber-seq utilizes kinetic
information from single-molecule sequencing, combined with nonspecific DNA
N6-adenine methyltransferases labeling, to profile chromatin accessibility at the
individual molecule level (Stergachis et al. 2020). Similarly, scNanoATAC-seq,

based on the ONT platform, enables genome-wide characterization of



chromatin accessibility, with a particular advantage in repetitive regions, such

as transposons and paralogous genes (Li et al. 2025a).

1.4 Advances in genome analysis in the long-

read era

1.4.1 Haplotype-phased genome assembly

Short-read—based genome assemblies are usually highly fragmented, whereas
long-read assemblies can readily achieve high continuity and completeness.
Haploid genome assemblies of many different species are being progressively
released under the telomere-to-telomere (T2T) paradigm, including humans
(Nurk et al. 2022), Arabidopsis thaliana (Naish et al. 2021), and mouse (Liu et
al. 2024a). This improvement facilitates the accurate detection of structural
variants (SVs), compared to the traditional approach of being able to examine
only variant breakpoints with short-read data. For large-scale population
studies or for analyses involving non-haploid genomes, combining long-read
sequencing with genome graph approaches enables haplotype-phased
analyses. In particular, unitigs in the graph can be used to distinguish
haplotypes (Serra Mari et al. 2024) even in polyploid material such as tetraploid

potato (Sun et al. 2025a).

Many studies now first generate a high-quality long-read reference genome and
then map existing short-read datasets to this reference (Wei et al. 2024; VVollmer
et al. 2023; Stammnitz et al. 2023; Kolora et al. 2021). This approach allows
precise characterization of SVs, improving on signals from genome-wide
association studies (GWAS) and more generally advancing our understanding
of evolutionary processes (Gompert et al. 2025; Groh et al. 2025; Akagi et al.

2025). Long-read assemblies have also helped to validate regions with
9



suppressed recombination that contribute to phenotypic differences between
ecotypes (Hager et al. 2022). Newly completed reference genomes are also
used for phylogenetic analyses, helping to resolve previously unresolved nodes

(Chen et al. 2025).

The accuracy and completeness of long-read assemblies reduces mismapping
and false variant calls (Aganezov et al. 2022), making all kinds of inferences
much more reliable (Gutiérrez-Garcia et al. 2024). Consequently, long-read
sequencing has become a common tool in genomic studies, preferred
whenever high-quality sequence information is required (Lien et al. 2024,
Satterlee et al. 2024; Nemudraia et al. 2024; Steichen et al. 2024; Reed et al.
2023; Qi et al. 2023; Shao et al. 2023; Wang et al. 2022b). Even in studies not
directly focused on genome analyses, long reads have been used, for example,
to efficiently detect concatemeric cDNA products in the study of de novo gene

synthesis by an antiviral reverse transcriptase (Tang et al. 2024).

Long-read genomic DNA sequencing is frequently combined with other
technologies, such as Iso-seq, within the same study (Arbore et al. 2024). This
integration is particularly advantageous for analyses involving large sequence
differences, including SVs (Koeppel et al. 2025; Zhang et al. 2024; Ebert et al.
2021), repetitive regions (Wilkinson et al. 2024; Villanea et al. 2025; Hoge et al.
2024; Pownall et al. 2023; Couger et al. 2021), or mobile elements (Widen et
al. 2023).

1.4.2 Previously missing repeats

Long-read sequencing has enabled the resolution of many repetitive regions
that were previously inaccessible and that were therefore missing from genome
assemblies (Moss et al. 2020). Such regions are often highly mutable, meaning

that much information about whole-genome variation was missing in earlier
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studies. With long-read sequencing, it is now possible to detect mutational
patterns in these regions for the study of their repeat structure, mutation
dynamics, and evolutionary mechanisms driving their generation and
diversification. Similarly, features such as chromatin accessibility (Li et al.
2025a) can now be investigated in repetitive regions using long-read

sequencing.

A particularly notable example are eukaryotic centromeres, which are typically
composed of satellite repeats. In humans, a centromeric repeat unit is 171 bp
long; in A. thaliana, one unit is 178 bp. These repeat units are highly variable,
and the arrays often undergo expansion or contraction. Centromeric and
pericentromeric satellite arrays were largely ignored prior to the advent of long-
read sequencing, and only with the development of long-read sequencing have
centromeres and their evolutionary patterns become a major focus of genome
research (Altemose et al. 2022). After sequencing technologies were validated
in model organisms, the sequence structure of centromeric regions in diverse
species has been characterized (Hu et al. 2025; Huang et al. 2024; Yan et al.
2025). Subsequent studies have included population-level analyses (Gao et al.
2024), comparisons among closely related species (Logsdon et al. 2024), and
studies of spontaneous mutations (Dong et al. 2025). Notably, single-nucleotide
mutation rates are significantly higher in centromeric regions compared to
chromosome arms (Logsdon et al. 2024). In addition, the genome-wide
distribution of centromeric and ectocentromeric repeats has recently been

described with long-read human genome assemblies (Corda and Giunta 2025).

Another type of tandem repeat arrays is found at telomeres at the ends of linear
chromosomes. Telomeres, which are replicated by telomerase, tend to shorten
with each cell division, and excessively short or excessively long telomeres can
lead to abnormal cellular phenotypes. With long-read sequencing, both

telomeric repeat variation and precise telomere length measurement have
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become accessible. Recent studies have shown that telomere lengths are end-
specific rather than uniform across chromosomes, with end-specific telomere
lengths accurately estimated based on methods that ligate molecular tags to
chromosome ends prior to sequencing (Karimian et al. 2024). In species whose
telomeres are shorter than typical long-read lengths, telomere length can be
directly measured from long-read data (Colt et al. 2024). For telomeric repeat
variants, PacBio HiFi sequencing has enabled detailed characterization of
variant repeat patterns in humans (Grigorev et al. 2021) and, as shown in this
thesis, in Arabidopsis (Tao et al. 2024). Using unique subtelomeric regions as
anchors, variant patterns can be assigned to specific chromosome ends. Prior
to the long-read era, only limited variant information could be obtained from
short-read fragments (Choi et al. 2021), with telomere length estimates using
k-mer coverage (Cook et al. 2016) being imprecise and providing only minimal

biological insight.

Ribosomal DNA (rDNA), another type of tandem repeat arrays, typically
contains hundreds of repeat units and forms the nucleolar organizer regions
(NORs; Gal et al. 2024). There are two types of ribosomal RNA genes, 45S and
5S. In humans, rDNA repeat arrays are located on the short arms of five
acrocentric chromosomes (Potapova et al. 2025). In A. thaliana, two long NORs
are located on the short arms of chromosome 2 and 4 (Rabanal et al. 2017).
rDNA sequences exhibit both copy number variation and sequence variation,
including point mutations and small indels, which may influence a range of traits
(Rodriguez-Algarra et al. 2025). Similar to centromeres, most rDNA regions
were gaps in previous genome assemblies due to the limitations of short-read
sequencing. The advent of long-read technologies has enabled the
reconstruction of megabase-sized NORs, compared to the previous maximum
recovery of only tens of repeats at the edges of NORs (Fultz et al. 2023b).
Additionally, the ability of long-read sequencing to directly detect DNA

12



methylation is valuable for studying the potential of rDNA transcriptional activity

(Hori et al. 2021).

Short tandem repeats (STRs), also known as microsatellites, are much shorter
than telomeric or centromeric repeats and typically consist of 1-6 bp repeat
units. Changes in STR repeat number can influence various biological
processes, including gene regulation (Tanudisastro et al. 2024). In some cases,
pathogenicity emerges only when repeat expansions exceed a critical size
threshold (Sone et al. 2019). The high accuracy and long-range resolution
required for analyzing tandem repeats often exceed the capabilities of earlier
technologies, especially short-read sequencing. With the goal of leveraging
long-read sequencing to resolve tandem repeat regions, several tools have
been developed, such as the Tandem Repeat Genotyping Tool (TRGT;
Dolzhenko et al. 2024), which can detect tandem repeats and their methylation
status simultaneously from PacBio HiFi data. As a result, tandem repeat—
associated haplotypes and their evolutionary histories can be easily
characterized, with one example being the human MUC19 locus, where repeat

structure correlates with an introgressed haplotype (Villanea et al. 2025).

Segmental duplications (SDs) are also much more accurately described with
long reads (Vollger et al. 2022). SDs are defined as genomic regions larger
than 1 kb that share more than 90% sequence identity. Depending on their
genomic distribution, SDs may be continuous or interspersed, and based on
their orientation, they can be classified as direct or inverted duplications. SDs
have now been characterized across diverse individuals and also between
species (Jeong et al. 2025). The single-nucleotide mutation rate in SD regions
has been found to be higher than in other regions of the genome (Vollger et al.
2023), and SD-associated regulatory effects on visible phenotypes have been
elucidated (Milia et al. 2025). Gene duplication, a special form of segmental

duplication, has been characterized at previously inaccessible regions, such as
13



the AMY amylase gene cluster, where long-read and optical genome mapping
revealed unique haplotypes that span more than 200 kb (Yilmaz et al. 2024),
substantially improved our understanding of the evolution of the amylase gene

and its relationship to the rise of agriculture.

The analysis of transposable elements (TEs), which constitute a substantial
portion of many species’ genomes, ranging from 3% to 80%, also benefits from
long-read sequencing (Quadrana and Henderson 2025). TEs are classified
based on their transposition mechanisms. Class | elements, retrotransposons,
transpose via RNA intermediates and include long interspersed elements
(LINEs), short interspersed elements (SINEs), and long terminal repeats
(LTRs). Class Il elements, DNA transposons, transpose via DNA intermediates,
typically using a cut-and-paste mechanism. In the short-read sequencing era,
detection of variable TE insertions primarily relied on identifying breakpoints
between TE sequences and their flanking regions by mapping reads from
multiple individuals to a reference genome (Shahid and Slotkin 2020). With long
reads, variable TEs can be directly identified in individual assemblies. Even
when mapped to a reference, many long reads will span an entire TE insertion

(Mohamed et al. 2023).

1.4.3 Genome graph approaches

The development of long-read sequencing technologies has accelerated the
adoption of genome graph approaches, which had been developed for short
reads (Schneeberger et al. 2009), but were only sparingly used before. Graph-
based approaches are applied in two major contexts. First, graph structures
can be used to represent the continuity and complexity of individual genomic
sequences more fully. Single genomes consist mostly of linear paths but form
dense, tangled structures in highly repetitive regions (Nurk et al. 2022). Second,

genome graphs that integrate multiple genomes can substantially improve the
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accuracy of variant calling, especially for SVs. In these population-level graphs,
each node represents a sequence, and alternative alleles appear as bubbles,
with an individual genome corresponding to an explicit path through the graph.
Pangenome analyses in polyploid species (Sun et al. 2025a) integrate both
aspects, enabling unbiased characterization of genomic variability. In particular,
they overcome limitations of single-reference approaches, where highly
divergent or missing regions lead to low read mappability and consequently
cause reference bias during variant calling. Additionally, the large amount of
short-read data produced before is now increasingly being aligned to
pangenome graphs for variant calling (Lynch et al., 2025). A remaining
challenge is sampling bias: rare haplotypes are often underrepresented in

current pangenome datasets.

1.4.4 Studies leveraging long-read-specific features

1.4.4.1 Use of real-time signals

Both PacBio and ONT long-read sequencing can detect base modifications
from raw sequencing signals. PacBio infers cytosine methylation from
polymerase kinetic information (Kong et al. 2022), including interpulse duration
(IPD) and pulse width (PW), while ONT relies on pattern changes in electric
current when DNA passes through the nanopore (Liu et al. 2021).
Representative work, such as the T2T-CHM13 human genome assembly, has
greatly expanded the characterization of the human methylome (Gershman et
al. 2022; Hoyt et al. 2022). Long-read sequencing signals can also be exploited

to infer DNA secondary structure (Guiblet et al. 2018).

1.4.4.2 Use of amplification-free libraries

Because long-read sequencing is typically amplification-free, each read
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represents a single DNA molecule from a single cell. This enables the detection
of sequence differences at single-molecule resolution. Several studies have
leveraged this approach to characterize genome-wide crossover and gene
conversion events (Byun et al. 2024; Schweiger et al. 2024), to identify somatic
microsatellite array variation, some of which is disease-associated (Sehgal et

al. 2024), and to detect somatic transposon insertions (Movilli et al. 2025).

1.5 Genome studies in Arabidopsis thaliana

Arabidopsis thaliana, a model flowering plant species (Meinke et al. 1998) in
the Brassicaceae family, is diploid and highly inbred. It has a relatively small
genome of approximately 135 Mb distributed across five chromosomes. With a
broad natural range, thousands of genetically distinct accessions have been
collected over the years for many different research purposes. In plants, new
genomic technologies are often first applied to A. thaliana (Rabanal et al. 2022),
making it one of the first multicellular species with many completely
reconstructed genomes (Naish et al. 2021; Wlodzimierz et al. 2023).
Consequently, the development of genomic studies in A. thaliana reflects, to

some extent, the broader progress of the genomic field.

1.5.1 Studies in the Sanger sequencing era

The first sequenced A. thaliana genome, published in 2000 (Arabidopsis
Genome Initiative 2000), was from the Columbia (Col-0) accession, which is
often a standard for genetic studies. This genome assembly, produced using a
BAC-by-BAC approach and Sanger sequencing, lacked, however, large
portions of the centromeres and most of the rDNA arrays on chromosome 2

and 4.
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Early studies of natural sequence variation primarily relied on the amplification
of PCR products, guided by the reference genome sequence (Hagenblad et al.
2004). However, some early studies had already begun conducting analyses

such as linkage disequilibrium (Nordborg et al. 2002).

The A. thaliana reference genome was curated and periodically updated by The
Arabidopsis Information Resource (TAIR; Lamesch et al. 2012). However, even
in its most advanced version, TAIR10 (Lamesch et al. 2012), the assembly
remained incomplete due to the limitations of Sanger sequencing reads, and it
therefore continued to suffer from collapsed sequence repeats and failure to
represent certain genomic elements, such as transposon copy (Kirov et al.

2021).

1.5.2 Studies in the short-read era

As costs dropped, short-read sequencing of large cohorts of natural accessions
became possible (Long et al. 2013; 1001 Genomes Consortium 2016; Cao et
al. 2011). The common strategy was to map reads to the Col-O reference
genome in order to identify variants. Short reads from diverse A. thaliana
accessions, initially shorter than 50 bp, were mapped to the Col-0 reference
genome with the goal of variant calling (Ossowski et al. 2008). Apart from
characterizing natural genomic variation, short reads were found to be powerful
tools for identifying spontaneous mutations and thus estimating the

spontaneous mutation rate (Ossowski et al. 2010).

Due to their limited read length, short reads were primarily useful for detecting
SNPs and small indels through alignment to a reference genome or reference
guided assembly (Schneeberger 2011; Gan et al. 2011). This limitation was

particularly pronounced in transposon-rich or repetitive regions, making it
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difficult to achieve haplotype-level resolution for complex loci such as the S-

locus (Tsuchimatsu et al. 2017) and NLR genes (Guo et al. 2011).

It is worth noting that, although short-read sequencing studies at this stage
largely relied on mapping reads to a single reference genome, the issue of
reference bias was already recognized as early as 2009. Researchers
observed that different reference genomes could lead to differing variant calls,
highlighting the need for approaches beyond a single reference, such as graph-
based genome representations (Schneeberger et al. 2009) and reference-
guided short-read assemblies (Schneeberger et al. 2011; Gan et al. 2011).
These studies highlighted the importance of generating assemblies for each
accession rather than relying solely on a single reference genome. Although
this work primarily achieved good results in single-copy regions due to read
length limitations, the concepts established during this stage laid the foundation

for the later era of long-read sequencing.

1.5.3 Studies in the long-read era

With the advent of long-read sequencing, initial efforts generated a long-read
assembly as a reference and mapped short reads to it. This was soon followed
by a shift toward generating long-read sequences and performing de novo

genome assemblies for multiple accessions.

Starting from 2016, studies began reporting chromosome-level de novo
assemblies of single non-reference A. thaliana accessions (Zapata et al. 2016;
Michael et al. 2018; Pucker et al. 2019). These studies demonstrated that long-
read assemblies made it much easier to resolve gene isoforms, transposons,
and large SVs. At this stage, assemblies were typically generated using a
combination of moderate-quality long reads and short reads. In 2016, an F1

hybrid of Col-0 x Cvi-0 was sequenced, with separate assemblies of the
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parental accessions, to evaluate the accuracy of haplotype phasing based on

long reads (Chin et al. 2016).

Following the initial phases, several studies compared multiple chromosome-
level de novo assemblies for different A. thaliana accessions (Jiao and
Schneeberger 2020; Kileeg et al. 2024), and for different A. thaliana relatives
(Burns et al. 2021). Some of these studies introduced the concept of a graph-
based pan-genome (Lian et al. 2024; Kang et al. 2023), and others applied
graph-based approaches to describe sequence diversity in specific complex
regions, such as the NLR region (Teasdale et al. 2024). Currently, there are
around 600 long-read assemblies, generated using PacBio HiFi, PacBio CLR,

and ONT, providing a foundation for future studies (Alonso-Blanco et al. 2024).

In parallel with these assembly comparisons, a gold-standard long-read-based
genome was released in 2021, primarily aimed at resolving centromeric satellite
repeat regions (Naish et al. 2021). Other challenging regions in Col-0 have
been resolved as well, including rDNA arrays (Fultz et al. 2023) and long
mitochondrial DNA insertions (Fields et al. 2022). Population-level analyses of
previously difficult-to-study regions have been reported, including sequences
diversity of centromeres (Wlodzimierz et al. 2023), telomeres (Tao et al. 2024),

and organellar sequences and structures (Xian et al. 2025).

Long-read studies have also supported investigations of full-length
extrachromosomal circular DNA (Zhang et al. 2023a), somatic transposon
insertions (Debladis et al. 2017; Movilli et al. 2025), and genome-wide

crossover landscapes (Byun et al. 2024).
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1.5.4 Summary of state of the art

In my thesis, | focus on A. thaliana, although the discussion is applicable to
other species as well. Many topics in genome analysis are cyclical in nature,
evolving with advances in sequencing technologies. Features such as
crossovers, telomeric repeat motifs, and genome-wide copy number variants
have been studied long before the advent of long-read sequencing. For
example, the detection of crossovers has progressed from marker-based
genotyping (Drouaud et al. 2006) to short-read sequencing (Rowan et al. 2019)
and now to long-read sequencing (Byun et al. 2025). Similarly, telomeric
repeats were previously analyzed using Sanger sequencing (Kuo et al. 2006),
then via k-mer counting based on short reads (Choi et al. 2021), and now, long-
read sequencing enables the resolution of chromosome end-specific patterns
(Tao et al. 2024). Genome-wide copy number variants were also detectable
with short reads (Zmienko et al. 2020), albeit with more complex workflows and
lower accuracy. Importantly, with each technological advance, our
understanding of genomes and their structure, evolution and function becomes

more comprehensive and clearer.

1.6 Objectives

The two projects of my thesis take advantage of PacBio HiFi sequencing data

to investigate different aspects of the mutational process in Arabidopsis thaliana.

1.6.1 Describing telomeric repeats

In the Sanger and short-read era, telomeric repeat regions were among the
most challenging parts of the genome to study. For example, in the first A.
thaliana genome published in 2000 (Arabidopsis Genome Initiative 2000),

telomeric regions were significantly underrepresented. In the long-read era,
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assemblies are considered complete when typical telomeric repeats are
present at both ends of a chromosome (“T2T” genome assemblies). However,
there are also several variant types of telomeric repeats at the chromosome
ends that have not been studied in depth. These variants may be associated
with G-quadruplex formation, DNA methylation, or telomere function. Previous
attempts to characterize telomeric variants in A. thaliana relied on PCR
products or short reads, which were neither comprehensive nor highly accurate.
In this project, | use high-fidelity reads to comprehensively characterize
telomeric repeat patterns across diverse A. thaliana accessions and to examine

whether these patterns reflect specific evolutionary processes.

1.6.2 Detecting single-stranded structural variants

HiFi sequencing, through circular consensus sequencing, reads both forward
and reverse strands multiple times within the same molecule, producing high-
fidelity single-strand information. Differences between the two strands may
indicate sequence changes generated during DNA replication. Such
differences could reflect events occurring before repair mechanisms act or
aberrant repair events. A similar approach has been applied to detect point
mismatches in human material (Liu et al. 2024b). In this project, | aim to develop
an approach to identify structural differences between DNA strands. The
resulting pipeline is designed to be easily extendable to other datasets beyond

the one examined in my thesis.
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2.1 Introduction

Telomeric repeat arrays are found at the termini of most eukaryotic
chromosomes (Churikov and Price 2008). The very ends of the arrays, known
as telomeres (Chan and Blackburn 2004), commonly consist of canonical units
with the formula (T)x(A)y(G)z and act as functional caps that protect
chromosome ends from degradation and fusion (Fulneckova et al. 2013;
Verdun and Karlseder 2007). These canonical repeats are being synthesized
from an RNA template by telomerase, which ensures their sequence
conservation (Schrumpfova and Fajkus 2020). In contrast to these highly
conserved repeats, the immediately following sequences often include
degenerate and variant telomeric repeats (Wallberg et al. 2019; Vozarova et al.
2022; Richards et al. 1992; Allshire et al. 1989), which differ from the canonical
unit in one or more base substitutions or small insertions and deletions (indels;
Lee et al. 2014). The composition of the variant repeats displays remarkable
heterogeneity within the same genetic group and among different chromosome
ends (Stephens and Kocher 2024; Tham et al. 2023; Mizuno et al. 2008; Baird
et al. 2000), raising questions as to the evolutionary mechanisms that generate
and maintain this diversity (Mendez-Bermudez et al. 2009; Pickett et al. 2004).
This telomere-adjacent region serves as a transition zone between the telomere
and the rest of the chromosome that contains genes and other genetic elements
(Churikov and Price 2008). Specific types of variant telomeric repeats have
been implicated in determining methylation state (Farrell et al. 2022), protein
binding (Wang et al. 2023), and formation of G-quadruplexes (Lee and Kim
2009). A comprehensive understanding of the evolutionary dynamics and
functional significance of telomeres and telomere-adjacent regions must
therefore begin with thorough knowledge of variation in the composition of

telomeric repeats.
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Arabidopsis thaliana has a seven-base-pair canonical unit TTTAGGG, which is
the dominant telomeric unit in many other plant species as well (Peska and
Garcia 2020; Richards and Ausubel 1988). The presence of variant telomeric
repeats in A. thaliana was first established with a yeast artificial chromosome
strategy (Richards et al. 1992). Subsequently, sequencing of PCR products
revealed the heterogeneity of variant repeats from individual chromosome ends
(Wang et al. 2010; Kuo et al. 2006). Variant repeats have also been directly
observed in unassembled sequencing reads (Choi et al. 2021), and they have
been identified by partially assembling four chromosome ends in the Col-0
accession from lllumina short reads (Farrell et al. 2022). However, the highly
repetitive nature of telomeric regions and the presence of identical sequences
shared between repeat-adjacent regions, as well as large interstitial telomeric
arrays in other parts of A. thaliana genomes, create ambiguity when mapping
reads that are only hundreds base pairs long to specific positions of the genome
(Olson et al. 2023; Teano et al. 2023; Heacock et al. 2004). As a result, variation
in telomeric repeat content at A. thaliana chromosome ends remains largely

uncharacterized and has been ignored in diversity studies.

New single-molecule sequencing methods, generating reads of more than 10
kilobases (kb) in length, which exceeds the size of full-length telomeric repeat
tracts and extends into unique repeat-adjacent regions, can overcome the
challenges of reconstructing full telomeric sequences (Grigorev et al. 2021).
However, although several A. thaliana genome assemblies have now been
published (Hou et al. 2022; Wang et al. 2022; Naish et al. 2021), they have
largely ignored the telomeric sequences apart from confirming that telomeres
are structurally present at most chromosome ends. Pacific Biosciences High
Fidelity (PacBio HiFi) sequencing is particularly well suited for reliable base
calling in low-complexity telomeric repeats (Tan et al. 2022). In addition, the
circular sequencing mode of HiFi sequencing, wherein each DNA molecule is

sequenced multiple times, allows us to confidently characterize somatic
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information such as repeat number variation in the telomeric regions, which is

obscured in assemblies (Wenger et al. 2019; Loomis et al. 2013).

In this study, | provide a high-resolution description of telomeric repeats for all
ten chromosome ends in A. thaliana. | identify numerous types of variant
telomeric repeats and previously undescribed sequence arrangement within
the telomeric region, including higher-order repeats and inter-chromosomal
similarity of non-telomeric fragments. | also investigate repeat number variation
of non-canonical telomeric repeat arrays at both germline and somatic levels. |
illustrate chromosome end-specific and genetic group-specific patterns of
repeat haplotypes along with linkage disequilibrium between telomeric repeat
arrays and their adjacent non-coding regions. My findings significantly expand
the collection of repeats derived from canonical telomeric repeats and telomeric
sequence features in A. thaliana, setting the stage for a deeper understanding

of the evolutionary mechanisms acting on them.

2.2 Methods

2.2.1 HiFi-based data collection

Seventy-three HiFi-based assemblies and read sets, representing 71 natural
accessions (Figure 2.1), were obtained from seven public sources. The
datasets of 44 accessions were from Wlodzimierz et al. (2023). 11 from Kang
et al. (2024), 14 from Lian et al. (2024), the Kew-1 accession from Christenhusz
et al. (2023), and three independent Col-0 datasets from Rabanal et al. (2022),
Wang et al. (2022), and Naish et al. (2021).

Three HPG1 accessions (Hagmann et al. 2015) were sequenced with one
SMRT Cell on the Sequel |l platform (PacBio). Plant growth (Contreras-Garrido
et al. 2023), DNA extraction from a single plant (Wlodzimierz et al. 2023),
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preparation of a multiplexed sequencing library followed by HiFi sequencing
(Rabanal et al. 2022), and genome assembly (Wlodzimierz et al. 2023) were

performed as previously described.
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Figure 2.1 Geographic distribution of the 74 A. thaliana accessions. Genetic groups
are indicated by colors.

2.2.2 Principal component analysis

A principal component analysis (PCA) was performed to elucidate the genetic
relationship among the 74 accessions. HiFi reads from all accessions were
aligned to the Col-0 Community-Consensus (Col-CC) assembly
(https://www.ncbi.nim.nih.gov/datasets/genome/GCA_028009825.2/) by
minimap2 v2.26 (Li 2018) with the parameter -ax map-hifi. The output SAM files
were converted to BAM format using Samtools v1.10 (Li et al. 2009) functions
view -Sb, sort and index. Site depth was calculated from the aligned BAM files
with mosdepth (Pedersen and Quinlan 2018). Single-nucleotide polymorphisms
(SNPs) were identified using DeepVariant v1.6.0 (Poplin et al. 2018). GVCF
files for each individual and each chromosome were merged into five
chromosome files with GLnexus v1.4.1 (Yun et al. 2021). Sites with depth lower

than 5, greater than twice the mean depth, or with a genotype quality lower than
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30 were discarded. Bcftools v1.17 (Danecek et al. 2021) was used to filter SNPs
with the parameter-m 2 -M 2 -i ‘QUAL > 30 && MAF > 0.01 && F_missing<0.2’,
to merge VCEF files and to exclude repetitive regions identified by SRF (Zhang
et al. 2023b) along with KMC v3.2.1 (Kokot et al. 2017). PCA was conducted
using GCTA v1.94.1(Yang et al. 2011) with input BED files generated by PLINK
v1.90b7.2 (Purcell et al. 2007) .

2.2.3 Extraction of telomeric sequences

In A. thaliana, two out of ten chromosome ends have large 45S rDNA repeat
arrays adjacent to the telomeric repeats, causing most assemblies collapse and
thus preventing correct mapping of telomeric sequences (Copenhaver and
Pikaard 1996; Fultz et al. 2023a). Two alternative strategies were employed to
extract telomeric sequences, depending on whether the sequence was

adjacent to long 45S rDNA sequences.
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Figure 2.2 Schematic illustration of the strategies for extracting telomeric reads. a
Strategy for the eight non- rDNA chromosome ends. Telomeric reads that contained
at least 3.5-kb repeat-adjacent sequences from the relevant genome assembly were
extracted. b Strategy for the two rDNA-binding chromosome ends. Reads containing
45S rDNA sequence and more than three consecutive telomeric repeats were
extracted without the help of genome assemblies and clustered into two groups based
on sequence similarity of the 45S rDNA region.

For the eight non-rDNA chromosome ends, an alignment-based approach was
employed (Figure 2.2a). For each sample, HiFi reads were aligned to the
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corresponding assemblies. Since the repeat-adjacent regions of different
chromosome ends, which serve as markers for uniquely anchoring reads, were
known to be similar in sequence (Heacock et al. 2004), all-against-all pairwise
alignments of the 5 kb sequence adjacent to the telomeric repeats were
performed for each chromosome end with BLAST v2.13.0 + (Altschul et al.
1990) . This resulted in a maximum alignment overlap of 3,056 bp (between
chr3q and chrdq of Cvi-0). Therefore, only reads containing at least 3.5 kb of
repeat-adjacent sequence were extracted with samtools view -hb -L (Farrell et
al. 2022; Grigorev et al. 2021; Tan et al. 2022). BAM files were converted to
FASTA format using samtools bam2fq and processed with seqtk v1.3
(https://github.com/lh3/seqtk) using option seq -A. For each accession, an all-
against-all alignment was performed on the extracted reads using TIPP
(https://github.com/Wenfei-Xian/TIPP). The resulting data were used to
generate network graphs with R package igraph (Csardi and Nepusz 2006) to
verify the accuracy of the read extraction. Potentially chimeric reads and reads
containing sequencing errors were excluded after visual inspection. All reads
were manually clipped to remove non-repeat sequences, retaining only the
telomeric tracts. Since the irregular degenerate repeat content made the
boundary between the non-repeat and repeat portions ambiguous, the start of
the telomeric repeat array was arbitrarily defined as the first instance of the

sequence (T)x(M)(G)y(M) (M=A or C).

For the chr2p and chr4p ends, which contain large 45S rDNA arrays, reads
were directly extracted without help of the corresponding genome assembly
(Figure 2.2b). Using minimap2, reads that aligned to the 45S rDNA sequence
of Col-0 (Rabanal et al. 2022) were identified. Reads with at least three
consecutive telomeric repeats were further retained. The 45S rDNA portions of
these retained reads were aligned pairwise using BLAST. It resulted in the
length of identical 45S rDNA sequences being either less than 4,800 bp or

nearly the entire length of the query sequence. Reads with at least 5 kb of 45S
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rDNA sequences were thus extracted and clustered into two groups, putatively
from chr2p and chr4p, per accession based on sequence similarity. Based on
a 45S rDNA reference sequence (Rabanal et al. 2022), RepeatMasker v4.0.9
(https://www.repeatmasker.org/) was used to mask and exclude the rDNA

regions from the reads, leaving only the telomeric repeats for further analysis.

To facilitate downstream analysis, reads with telomeric repeats in the 3'-
CCCTAAA-5' orientation were first reversed to 5-TTTAGGG-3' using seqtk with
function seq -r, followed by processing with Tandem repeats finder
v4.09.1(Benson 1999) to identify repeat units (Belyayev et al. 2023; LyCka et al.
2024). After manual curation, units were arbitrarily defined as beginning from
the first T and ending with the last non-T base along the sequence. For example,
the sequence TGTTTAGGGTCTGATGGG was split into the units TG
TTTAGGG TCTGA TGGG.

2.2.4 Evaluation of short homopolymer errors

Because at each end of the reads, small indels rather than SNPs, particularly
1-bp deletions, often dominated the consecutive canonical TTTAGGG repeat
regions, specifically TTAGGG (with two instead of three Ts) or TTTAGG (with
two instead of three Gs), and these occurred at random positions. To determine
whether these indels were caused by somatic mutations or sequencing errors
(Lal et al. 2021), the correlation between the likelihood of errors and the

occurrence of indels for each read was examined.

The likelihood of error was quantified based upon subread coverage and quality
value of the HiFi reads. Samtools view -X followed by an awk command was
used to extract the values of two tags, “np” (humber of subreads) and “rq” (read
quality), per read from the BAM files. To calculate the occurrence of indels,

sequences were extracted from the read end until the variant repeat preceding
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the canonical repeat array. The length of each extracted sequence was divided
by seven to obtain an approximate repeat number, and a hill-climbing algorithm
was used to find the nearest integer that represented the canonical repeat
number in the ideal sequence (Figure 2.3), minimizing the Levenshtein distance
(L-distance) between the extracted sequence (the observed string) and the
ideal sequence consisting entirely of canonical repeats (the expected string),
obtained with the R package stringdist. This minimized distance was further
divided by the length of the extracted sequence to determine the relative
distance as an indication of indel density. The correlation between the likelihood
of errors and the occurrence of indels for each read was plotted using R
package ggplot2, and the R function cor was used to calculate the Pearson

correlation coefficient.

TTTAGGGTTAGGGTGITTTAGGGTTTAGGGTTTAGGGITTAGGTTGTITAGGGTTTAGGGTGGGTTTAGGGTTTAGGG S, .., =77
n=1/77=77/7=1

TTTAGGGTTTAGGGTTTAGGGTTTAGGGTTTAGGG TTTAGGGTTTAGGGTTTAGGGITTAGGGITTAGGG] S.peced 1=7n

n=n-1; L-distance = 10
n=n ;L-distance =9
n=n+1; L-distance = 12

Figure 2.3 Example of the process for determining the expected string and calculating
the L-distance, which represents the occurrence of indels. Blue blocks indicate variant
repeats, while gray blocks indicate canonical repeats. ‘S’ indicates ‘string’, ‘n’ should
be an integer.

2.2.5 Identification of telomeric repeat content

To visualize the degenerate and variant repeat arrays, consensus sequences
were generated from two random reads with the median length of repeat array
for each accession and each chromosome end. Conserved units between
reads were retained, while nonconserved units were marked as “N.” The

frequency of occurrence for each unit type was subsequently calculated. The
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positions of the top 20 enriched unit types were then emphasized with different

colors.

In addition, non-repeat sequences that disturbed the repeat arrays were
manually extracted. Using BLAST, the sources of these non-repeat sequences
were determined with TAIR10 transposon and organellar DNA sequences
(Lamesch et al. 2012) as well as a library of A. thaliana rDNA and centromere

sequences (Rabanal et al. 2022).

2.2.6 Identification of telomerase RNA template sequence

In A. thaliana, the addition of telomeric repeats is directed by a 9-bases
template 3-UCCCAAAUC-5" in the telomerase RNA, corresponding to 3'-
TCCCAAATC-5" in the genome (Song et al. 2019). To investigate whether the
variants we observed were caused by mutations in the template sequence, all
74 assemblies were searched using BLAST with the sequence of the
telomerase RNA locus of Col-0 as a query (Fajkus et al. 2019). Corresponding
sequences were extracted using bedtools v2.27.1 (Quinlan and Hall 2010) with
function getfasta and used as input for a multiple sequence alignment with

Clustal Omega (Sievers et al. 2011).

2.2.7 Estimation of telomeric repeat variants in HPG1

accessions

Three HPG1 accessions (14INRCTO7, Pent-46, LI-EF-011) were sequenced.
To assess the repeat number variation, the length of the sequences containing
degenerate and variant repeats was calculated for each read with an awk script.
The significance of the difference in length between accessions was evaluated
with a two-tailed F test using the R function var.test. The length of each read

was plotted using ggplot2.
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2.2.8 Estimation of telomeric repeat variants in different Col-0
datasets

Three datasets of the Col-0 accession (Wang et al. 2022; Naish et al. 2021;
Rabanal et al. 2022) were compared using the methods described above. The
R function var.test was additionally used to assess whether different
sequencing strategies (single-plant versus pooled) affected the distribution of

repeat number variation of HiFi reads.

2.2.9 Haplotype structure analysis of the repeat arrays and their
adjacent non-coding regions

For telomeric repeat arrays, a repeat compression approach for each sequence
was used (Rautiainen et al. 2023), in order to reduce the complexity arising
from repeat number variation (Figure 2.4). Pairwise L-distances between
compressed arrays were calculated to estimate their similarity, and these
distances were then divided by the length of the longer sequence in each pair
to determine the relative distance. An F test was performed to assess whether
there were significant differences in the similarity levels when comparing the
same and different chromosome ends and comparing the same and different

genetic groups.

TTCAGGGTTCAGGGTTCAGGG TTTAGGGTTTAGGG TTTAGGG
TTCAGGG TTTAGGG TTTAGGG
TTCAGGG TTTAGGG

Figure 2.4 Schematic representation of the repeat compression process.

34



To identify the more proximal non-coding regions, Liftoff v1.6.3 (Shumate and
Salzberg 2021) was used in conjunction with the TAIR10 gene set (Lamesch et
al. 2012) to annotate the most terminal gene in the eight non-rDNA
chromosome ends (Vrbsky et al. 2010). Subsequently, the fragment between
the most terminal gene and the first telomeric repeat was extracted using
bedtools getfasta. Multiple sequence alignment and NJ clustering of non-coding
sequences was performed for each end with Clustal Omega, and pairwise

relative distances were calculated.

To determine whether there was any correlation between variation in the
telomeric repeat arrays and the non-coding regions, the relative distance values
for both the repeat and the non-coding regions were merged into a square
matrix. The order of accessions for each chromosome end was determined

based on the NJ clustering of the non-coding regions.

2.3 Results

2.3.1 Profiling telomeric regions in Arabidopsis thaliana

To investigate the sequence content of telomeric regions (Figure 2.5), defined
here as canonical telomeric repeats, adjacent variant and degenerate telomeric
repeats as well as any unique sequences interspersed in these repeats, HiFi
reads from 74 A. thaliana accessions of diverse geographic origins were used.
Among them, 66 accessions were grouped into four main genetic clusters, with
43 non-relict accessions from Europe, 11 from Asia, 9 from Iberian relicts, and
three from North America. Eight further accessions were from various relict
groups (Wlodzimierz et al. 2023; 1001 Genomes Consortium 2016; Lee et al.
2017).
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Figure 2.5 Bar plot showing the length of canonical and non-canonical (degenerate
and variant) repeat arrays for each non-rDNA chromosome end in four accessions.
Each vertical bar represents a single HiFi read.
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For each accession, HiFi reads were unambiguously extracted for the eight
non-ribosomal DNA (rDNA)-binding chromosome ends (Figure 2.6). For the
ends of the p-arms of chromosome 2 and 4 (hereafter, chr2p and chr4p), which
remain incompletely assembled due to large 45S rDNA tandem arrays that are
immediately adjacent to the telomeres (Copenhaver and Pikaard 1996), reads
could be assigned to two groups but could not be precisely assigned to chr2p

or chrdp.
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Figure 2.6 Sequence relationships of telomeric reads from non-rDNA chromosome
ends of 20 accessions. Chromosome ends are indicated by colors.

Starting from the centromere-proximal side, the telomeric regions typically start
with a stretch of degenerate repeats, followed by variant repeats and finally
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canonical repeats, all of which were in the same head-to-tail arrangement
(Figure 2.7a). The most obvious exceptions to this general pattern were chr2p
and chrdp ends, where only 11 accessions had variant repeats. Additionally, 30
accessions contained non-telomeric fragments within the repeat arrays, and

these are described in detail below.

a Canonical Variant Degenerate Chr1/Chr3/Chr5 Degenerate Variant Canonical
EE——— . - ——8
p-arm (CCCTAAA) (TTTAGGG), g-arm
[ E— . ' ————
45S rDNA Chr2 / Chr4 the most distal gene
b Putative canonical repeat region ¢ © Subread coverage
ol e g b ool e 0.20 )
i ! R T @ o 10 20 30 40
» I ' e [ T 2
o | T — 5]
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TTTAGGG [I TTCAGGG | TATAGGG 0 TTAGGG  TTTAGG [ Others HiFi read accuracy (Phred)

Figure 2.7 Overview of the telomeric repeat regions in A. thaliana. a Schematic
representation of the different types of telomeric repeats at non-rDNA and rDNA
chromosome ends. b Alignment of HiFi reads showing the entire telomeric repeat array
in chr1q of Pent-46 accession from degenerate, variant to canonical repeats (from left
to right). ¢ Correlation between relative distance from expected canonical repeat
sequence and entire read accuracy.

The arrays of canonical telomeric repeats at the very end were observed to
harbor many indels in each read, primarily 1-bp indels, usually replacing
TTTAGGG with either TTAGGG or TTTAGG (Figure 2.7b). By comparing HiFi
read accuracy, the number of full-pass subreads, and the relative distance from
an ideal sequence that is the entire canonical array for each read, a statistically
significant negative correlation was found between relative distance and both
read accuracy (P <2.2e - 16, Pearson’s r= —0.69; Figure 2.7c) and subread
coverage (P <2.2e - 16, Pearson’s r= —0.42). Since only indels and no other
mutation types were found in this region, the relative distance serves as an
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indication of indel density. This result suggests that the occurrence of indels is
influenced by the read quality. Different from a previous study that interpreted
indels supported by a single read as genuine variants (Grigorev et al. 2021), |
consider these indels to be short homopolymer run errors (e.g., TTT>TT or
GGG > GG), a known issue with HiFi reads (Loomis et al. 2013; Lal et al. 2021).
Therefore, the region beginning at the last conserved variant repeat until the
read end was defined as the homogeneous canonical TTTAGGG repeat region.
Because it was deemed to be devoid of consistent variation, this region was not

further considered in the remainder of analyses.

2.3.2 Hypervariable composition of telomeric repeat arrays

Using the extracted reads, | generated consensus sequences of degenerate
and variant telomeric repeats for each chromosome end in the 74 accessions.
To obtain a first overview of variation, the 20 most enriched repeat types were
visualized (Figure 2.8a). Sequences of accessions were ordered according to

their membership in genetic groups (Figure 2.8b).
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Figure 2.8 Variation of telomeric sequences in A. thaliana. a Degenerate and variant
(from top down) telomeric repeat arrays at 10 chromosome ends across all 74
accessions. The top 20 most enriched units are highlighted by different colors. b
Genetic groups of 74 accessions revealed by principal component analysis.
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Of the 592 non-rDNA chromosome ends, 562 had variant repeat arrays, with
lengths from 6 to 3,384 bp (chr1p of Ey15-2). Of the 148 rDNA ends, only 12
had variant repeat arrays, with lengths from 6 to 658 bp. A total of 462 distinct
repeat units, ranging in size from 2 to 17 bp, were identified. The number of
new repeats reached saturation with the 69th accession (Figure 2.9). Of the
462 distinct repeat units, 151 (32.7%) occurred only once. The canonical repeat,
which was interspersed among arrays of variant repeats, had the highest
frequency with 20.7%. It should be noted that the count of distinct repeat types
greatly relies on my definition of a unit. For example, the sequence
TTTAGGATTAGGG could be considered as being composed of two variant
repeats, TTTAGGA and TTAGGG or TTTAGG and ATTAGGG. Therefore, |
use the repeat types as a set of markers for studying the overall organization
of telomeric sequences and believe that there is no need to excessively focus

on the specific sequence content of individual units, especially rare ones.

100+

75-

50-

Number of repeat units

25-

0 20 40 60

Number of accessions

Figure 2.9 Number of new repeat units added with an increase in the number of
accessions.
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As an aside, the template sequence of the telomerase RNA, 5-CUAAACCCU-
3' (Song et al. 2019), encoded on chromosome 2, was identical in all 74

accessions.

Although the sequence content of telomeric regions was highly dynamic, there
were five main patterns of sequence variation and most variant sequences, 508
of 574, showed more than one of these patterns. The simplest pattern was
represented by arrays in which different repeat types occurred only once, such
as chr1q of Cat-0. The second pattern most likely resulted from monomer
homogenization, such as chr1p of Alo-19, where a single unit, TATAGGG, was
repeated consecutively 15 times (Figure 2.10a). The remaining patterns
constituted higher-order repeats (HORs; Garrido-Ramos 2017). In the simplest
case, such as chr3q of IP-Tri-0, two to four units made up a block that was then
repeated multiple times (Figure 2.10b). A more elaborate pattern had multiple
monomers (arbitrarily defined as =5 here) that were repeated several times.
For example, in chr2q of IP-Per-0, five distinct units formed a block and were
repeated five times, with all five blocks being identical (Figure 2.10c). The final
pattern also featured HORs but with mutations distinguishing the individual
HORs. For instance, in chr2q of Cvi-0, the HOR array consisted of five units
repeated eight times with five of these deviating from the consensus (Figure

2.10d)
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Figure 2.10 Close-up of four major types of sequence organization in the telomeric
repeat arrays. Color code corresponds to that of Figure 2.8a. a An example of
monomer homogenization. In this case, a single unit is repeated 15 times. b An
example of simple block expansion. In this case, two units form a block and the block
is repeated ten times. ¢ An example of expansion of identical higher-order repeats
(HORs). A HOR consisting of five distinct units is repeated five times. d An example of
HORs with small sequence differences. Numbers indicate different HORs.

When comparing pairs of accessions, the majority of sequence differences
between specific chromosome ends fell into three major categories (Fig. 2a). In
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the first category, sequences were highly similar to each other, as seen in chr5p
of 11C1 and HR-10 (Figure 2.11a). In the second group, sequence composition
was similar, but accessions were distinguished by the number of HORs, such
as chr3p of IP-Tri-0 and IP-Fel-2 (Figure 2.11b). These two categories were
mainly observed with pairs from the same genetic group. The third category,
sequence divergence, was observed not only in unrelated accessions but also
in pairs from exactly the same local population, such as chr1p of Evs-0 and

Evs-12 (Figure 2.11c).
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Figure 2.11 Close-up view of three categories of telomeric sequence
relationships. a Telomeric sequences in chr5p of 11C1 and HR-10 are similar.
b Telomeric sequence in chr3p of IP-Fel-2 has one more copy of a higher-order
repeat than the sequence in chr3p of IP-Tri-0. ¢ Telomeric sequences in chrip
of Evs-0 and Evs-12 are dissimilar.

Thirty accessions had non-telomeric sequences within the repeat array. Except
for seven unclassified sequences ranging in length from 42 to 453 bp, the

others could typically be divided into three different types. Firstly, organellar
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DNA or rDNA insertions. In chr1p, 14 accessions had a 110-bp mitochondrial
DNA insertion (Figure 2.12a), which has been reported previously (Kuo et al.
2006), while chr2q of Cvi-0 contained a 102-bp chloroplast DNA insertion. A
5088-bp 45S rDNA sequence was embedded in the telomeric tract in chr2q of
Gel-1. In the second type, seven accessions were observed to have non-
telomeric fragments that were associated with repeat array duplications. For
example, chr2q of four accessions has a 244-bp sequence that forms HORs in
combination with their telomeric repeats. The 244-bp fragment is identical in all
HOR copies, while the repeat array exhibits a few polymorphisms (Figure
2.12b). The third type was exemplified by chr3q of Hum-2, where the repeat
array was interrupted by a 495-bp non-telomeric fragment, which was identical
in sequence to a fragment adjacent to the array of variant telomeric repeats of
chrbq in the same accession (Figure 2.12c). The distal part of chr3q closely

resembled the repeat array of chr5q.
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Figure 2.12 Representation of three categories of non-telomeric fragments in
telomeric repeat arrays. a A 110-bp mitochondrial DNA insertion in 14 accessions. b
Higher-order repeats in four accessions include a 244-bp non-telomeric fragment. ¢ A
495-bp unique sequence in chr3q of Hum-2 is also found in chr5q of Hum-2.

2.3.3 Repeat number variation between closely related
individuals and in somatic tissues

To examine variability in the telomere regions in a more fine-grained manner,
two collections of datasets from very closely related individuals were employed.
The first collection came from the lineage of North American accessions known
as haplogroup-1 (HPG1), which form a clade of natural mutation accumulation
lines whose common ancestor lived about 400 years ago (Exposito-Alonso et
al. 2018). In parallel, three independent sequencing datasets of the Col-0

accession that had been recently published were investigated (Wang et al.
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2022; Naish et al. 2021; Rabanal et al. 2022). This also offered an opportunity
to examine intra-dataset variation in more detail. | therefore report not merely

the most common repeat array length but present the full data for all HiFi reads.

Among the three HPG1 accessions, repeat number variation was found, but no
major differences were observed in repeat type. Specifically, four of eight non-
rDNA chromosome ends were significantly different in lengths of degenerate
and variant repeat regions, with medians differing from 7 to 51 bp (Figure 2.13a).
There was also substantial variation in repeat number among the HiFi reads
from a single accession. The greatest one, from 396 to 569 bp, corresponding

to approximately 25 repeat units, was observed at chr4q of 14INRCTO7.
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Figure 2.13 Plots showing variation in the length of degenerate and variant telomeric
repeat regions in sets of three closely related samples. Dots represent individual HiFi
reads. Statistically significant differences were determined by a two-tailed F test
(****P<0.00001, ***P<0.0001, **P<0.001, *P<0.01). a Comparison of the three HPG1
accessions. b Comparison of the three Col-0 datasets.

In the Col-0 accession, the array of telomeric repeats of chr3q was found to
exclusively consist of canonical repeats, and it was therefore excluded from this
analysis. For the remaining seven non-rDNA chromosome ends, there was no
difference in variant types. Regarding repeat number variation, at two of seven

chromosome ends, one dataset differed significantly in length distribution from
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the other two datasets, with median differences of 7 bp and 11 bp (Figure 2.13b).
These two chromosome ends had also the longest repeat arrays. For within-
dataset length variation, chr4q was the one with the greatest difference
between the shortest and longest arrays of degenerate and variant repeats, at
184 bp, roughly equivalent to 26 repeats. While four of seven chromosome
ends differed significantly in the degrees of variability among the three Col-0
datasets (Figure 2.14), these differences were not attributable to the pooled-
sequencing dataset. Thus, differences in sequencing strategy should not affect
my conclusions regarding the 74 diverse datasets | used, which had been

generated by a combination of pooled and single-plant sequencing.
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Figure 2.14 Density plot of the length distribution of degenerate and variant repeat
regions at seven non- rDNA chromosome ends in three Col-0 datasets. Statistically
significant differences in the deviation degree are indicated (****P<0.00001,
***P<0.0001, **P<0.001, *P<0.01, F test).

2.3.4 Haplotype structure of telomeric repeat arrays and the
adjacent non-coding regions

To facilitate the comparison of haplotypes across the telomeric arrays, |

implemented a repeat compression process to mitigate the impact of repeat
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number variation, which is likely to change more quickly than the overall
arrangement and presence of variant repeats. The compressed sequences
were used to perform a pairwise sequence similarity analysis based on the
relative Levenshtein distance (L-distance). The result confirmed the visual
impression from Fig. 2a that there is on average more similarity between the
same chromosome end of different accessions than between different
chromosome ends (Figure 2.15a; P < 2.2e — 308, Wilcoxon test). The result also
showed an overall lower relative L-distance within the same genetic group
compared to between different genetic groups (Figure 2.15b; P <6.01e - 59,

Wilcoxon test).
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Figure 2.15 Violin plots showing the distribution of pairwise relative distances.
Statistically significant differences between accessions are indicated (****P<0.00001,
two-tailed F test). a Comparison of values within and between chromosome ends. b
Comparison of values within and between genetic groups.

To examine whether these haplotype patterns extended beyond the telomeric
repeat regions, we also looked at their adjacent non-coding regions. Non-
coding sequences, which varied in length from zero to 16,542 bp, were defined
as the sequence between the most distal gene and the last variant repeat of
each chromosome end. Next, neighbor joining (NJ) clustering was conducted
based on the multi-sequence alignment of these non-coding regions from each

chromosome end. A merged matrix of repeat arrays and non-coding regions
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was generated, using the accession order from the NJ exercise, to reveal the
correlation between the two (Figure 2.16). Strong linkage between telomeric
repeats and their adjacent non-coding regions were present at both coarse and

fine resolution.

In addition to linkage disequilibrium, the matrix provided direct support for my
statistical results regarding the chromosome end-specific and genetic group-
specific patterns (Figure 2.16). Haplotypes from the same chromosome end
clustered together, with accessions from the same genetic group typically

having similar haplotypes.
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Figure 2.16 Heatmap of pairwise relative distance of compressed telomeric repeat
arrays (upper triangle) and repeat-adjacent sequences (lower triangle). Membership
of accessions in different genetic groups is indicated.

2.4 Discussion

My study provides a base-level view of the patterns of degenerate and variant
telomeric repeats at the chromosome ends of 74 geographically diverse
accessions of A. thaliana. The diverse sampling combined with technical
advances provide a population-level view of telomeric sequence, going far

beyond previously available anecdotal observations from a few common
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accessions (Richards et al. 1992; Farrell et al. 2022). The superior length of
PacBio HiFi reads supports unambiguous anchoring of the telomeric repeats to
each chromosome end. In previous studies, total repeat abundance was
reported without linking repeat location to telomeres in general, let alone to
individual telomeres (Choi et al. 2021), or the focus was on only one
chromosome end (Kuo et al. 2006). The superior read length mitigates the
challenges arising from having multiple canonical repeats embedded within the
variant repeat array, which can otherwise be taken as an erroneous indication
of the chromosome end (Farrell et al. 2022). The number of variant patterns
detected in my study reached saturation with the 69th accession of the 74
accessions. Therefore, | were able to detect not only mutation types of high
frequency such as TTCAGGG (Richards et al. 1992) but also a much broader
range of variant patterns that is likely to provide a near-complete inventory of
variant types. Of note, my results overturn the previous conclusion that there
are no variants at the two chromosome ends that cap the large 45S rDNA
repeat arrays (Copenhaver and Pikaard 1996). In addition, my newly
discovered higher-order repeats (HORs), which have before only been
described in other satellite regions of A. thaliana such as the centromere (Naish
et al. 2021). Regarding inter-chromosome similarity of the unique sequence and
its subsequent telomeric tract, the only other similar example that | am aware
of comes from Caenorhabditis elegans (Kim et al. 2019). Thus, my work greatly
extends our knowledge of telomere-adjacent sequence variation up to the

canonical array in this species.

There is ample evidence for local homogenization of telomeric repeats and
formation of HORs, as well as repeat number variation in somatic cells and
between closely related individuals, all typical characteristics of non-coding
minisatellite regions (Garrido-Ramos 2017; Boan et al. 2004). The obvious
scenario is that only the most distal portions of the canonical repeats, at the

very ends of the chromosomes, are maintained by telomerase and thus remain
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uniform (Song et al. 2019). More centromere-proximal portions are maintained
by conventional DNA replication and can sustain mutations, becoming first
variant repeats and eventually degenerate repeats over time (Kuo et al. 2006).
In this scenario, the variant and degenerate repeats are minisatellite units of
about 7 bp, and the extensive patterns of apparent repeat expansion and
contraction can be explained by replication slippage and unequal crossing over
(Symonds and Lloyd 2003). Two other forces shaping variant repeats have
been considered in previous studies, and my analyses cannot rule out that they
play a minor role as well. Variant repeats could in principle be caused by
variation in the RNA template (Song et al. 2019; Fajkus et al. 2019). While |
detected no sequence differences at the previously reported locus for the
canonical RNA template, | cannot exclude the existence of other loci that
contribute a minor amount of alternative templates (Zavodnik et al. 2023).
Alternatively, variants could arise during reverse transcription (Gout et al. 2013),
introducing variants into the newly added repeats at the most distal end of the
array. Such errors will cause telomere elongation by telomerase to fail, with

alternative mechanisms for telomere maintenance eventually taking over.

My haplotype analysis revealed both chromosome end-specific and genetic
group-specific patterns of degenerate and variant telomeric repeat arrays.
Accessions sharing the same haplotype are more likely to belong to the same
genetic group (Grigorev et al. 2021), but they are not necessarily from the same
local population (Kuo et al. 2006). In addition, | demonstrate that linkage
disequilibrium between telomeric repeat arrays and more proximal non-coding
regions, previously described for single chromosome ends in humans and A.
thaliana (Baird et al. 2000; Kuo et al. 2006; Baird et al. 1995), as a common
feature at all non-rDNA chromosome ends in A. thaliana. The mitochondrial
DNA insertion event observed in accessions is a good example for summarizing
these patterns in conjunction with the mutational process we propose. The 14

accessions, from different localities, contain a conserved mitochondrial
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fragment and highly similar repeat-adjacent sequences, but the repeat arrays
differ in sequence. A likely scenario is that the mitochondrial fragment was
inserted before these 14 chromosome ends diverged (Kuo et al. 2006). Base
substitutions in the telomeric repeat arrays then occurred stochastically in

different accessions during repeat amplification.

My analysis has shown that telomeric repeats experience apparently much
higher mutation rates than high-complexity sequences in chromosome arms,
especially when it comes to repeat number. Telomeric repeats are therefore
potentially helpful when attempting to reconstruct relationships between closely
related individuals at high resolution. Information from telomeric repeats might
become particularly useful if combined with genome-wide analyses of
microsatellite and minisatellite mutations (Marriage et al. 2009). The substantial
intra-individual variation in telomeric repeats also offers opportunities for
studying the mechanisms of replication slippage and unequal crossing over of
minisatellites (Smith 1976), given that the entire telomeric repeat arrays can be

confidently captured by single HiFi reads.

My study leaves several open questions for future studies. One challenge will
be to accurately assign telomeric reads adjacent to rDNA to specific
chromosome ends, which has so far been hampered by a lack of complete
assemblies of rDNA arrays across diverse genomes (Fultz et al. 2023a).
Second, a few chromosome ends, including chrbp of Cas-0 as the most
extreme example, had a large number of consecutive TTCAGGG repeats. The
functional implication of this observation remains unknown. Lastly, | observed
the sharing of the unique sequence across chromosome ends at chr2q and
chrbq of Hum-2. This configuration, not yet reported in A. thaliana, has been
proposed in a C. elegans study and in several reviews as evidence for
chromosome healing, which involves a recombination process after a double-

strand break (Kim et al. 2019, 2020; Baird 2018; Ballif et al. 2004). Further
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validation of the mechanism underlying this sequence arrangement in A.

thaliana is required.

| provide a comprehensive evaluation of nucleotide sequence polymorphisms
of degenerate and variant telomeric repeat arrays at all chromosome ends in a
global collection of diverse Arabidopsis thaliana accessions. | have greatly
improved on the detection of telomeric repeat types, and report sequence
arrangements including higher-order repeats and the sharing of unique
fragments across chromosome ends, which to my knowledge had not been
observed before in A. thaliana. The number of degenerate and variant telomeric
repeats can vary at germline and somatic levels in otherwise isogenic
accessions. Lastly, | reveal chromosome end-specific and genetic group-
specific patterns of telomeric repeat haplotypes along with linkage
disequilibrium between telomeric repeat arrays and their adjacent non-coding
regions. Together, the findings improve our understanding of telomeric

sequence diversity in plants.
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3 Sequence asymmetry between
strands during DNA replication in
Arabidopsis thaliana

3.1 Introduction

Pacific Biosciences (PacBio) high-fidelity (HiFi) sequencing (Wenger et al.
2019), employs a circular sequencing strategy in which both strands of the
same DNA molecule are sequenced several times. Each strand generates
multiple subreads, and because library preparation does not require
amplification, the resulting data reflect native DNA. The repeated passes yield
not only high-accuracy information for the double-stranded DNA molecule, but
also for each of the two strands, enabling the detection of differences between
the two strands. It has been used to identify single-nucleotide differences that
were interpreted as unrepaired point mismatch (Liu et al. 2024). Such an
approach can also be used to find larger differences between the two strands,
since read length is no longer a limiting factor, as reads are routinely many

kilobase-pairs long.

Large differences between the two strands likely originate during DNA
replication, specifically after synthesis of the new strand but before post-
replicative repair. Several mechanisms can be responsible for large differences,
including hairpin formation at palindromic sequences (Kurahashi et al. 2009),
template switching (Ottaviani et al. 2014 ), and slipped-strand mispairing (Kiktev
et al. 2018). These replication-association events may later be corrected by
different repair mechanisms, or they may persist and become templates in the
next round of DNA replication (Pearson et al. 1997), ultimately resulting in

permanent large indels at the somatic level.
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In this study, | present a method to detect such single-stranded, replication-
associated events using unmodified HiFi sequencing data. | validate the
approach using raw sequencing output from a nuclear genome sample of an
inbred Arabidopsis thaliana accession, thereby avoiding complications from
heterozygosity and haplotype phasing. | additionally use polymerase kinetic
information to help distinguish biological events from sequencing artifacts
possibility and characterize the sequence features associated with the detected
events. Because the method relies on standard HiFi data, it can be applied
broadly across species and sample types, offering a framework for studying
polymerase activity and strand-specific sequence changes during DNA

replication.

3.2 Methods

3.2.1 Data

The assembly and HiFi reads from leaves of A. thaliana accession Gel-1 are
from a previous study (Wlodzimierz et al. 2023). Sequencing was performed on
a PacBio Sequel |l instrument, with availability of the raw sequencing output in

bam format.

3.2.2 Generation and alignment of single-strand consensus
reads

The raw subread bam file was processed using CCS v6.4.0
(https://github.com/PacificBiosciences/ccs) with the parameters —by-strand —
chunk 30, generating separate consensus sequences for the forward and

reverse strand of each read. Chunked bam files were merged using Pbmerge

60



v1.6.0 (https://github.com/PacificBiosciences/pbtk), and the resulting bam file
was converted to fastq format with bam2fastq v1.3.1

(https://github.com/PacificBiosciences/pbtk).

Strand-specific consensus reads were aligned to the nuclear genome assembly
using minimap2 v2.1 (Li 2018) with the parameter -ax map-hifi. The resulting
alignment was processed with samtools v1.10 (Danecek et al. 2021) for viewing,

sorting, and indexing, producing a final sorted bam file for downstream analysis.

3.2.3 Identification of read-level differences in complementary
sequence

Differences in the complementary sequence between single-strand consensus
reads and the assembly were identified from the sorted bam file using Sniffles
v2.2 (Smolka et al. 2024) with the parameters —minsupport 1 —output-rnames
—vcf. Variants supported by only a single read were extracted by filtering for the

SUPPORT=1 value in the vcf file.

For each candidate event, the read (ZMW) ID was extracted from the vcf file.
All subreads associated with an ID were retrieved from the raw subread bam
file using samtools view. A fasta file containing the subread IDs as and their
corresponding sequences was generated using an awk script and mapped back
to the assembly using minimap2 with parameter -ax map-pb. The resulting
alignment was converted to a sorted bam file with samtools. Finally, all events
were visually inspected in IGV v2.16.0 (Robinson et al. 2011) to confirm that all
subreads in one direction shared the same sequence change, and that this

change was different from all subreads in the opposite direction.
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3.2.4 Exclusion of heteroduplexes as cause

To evaluate whether candidate events were artifacts due to heteroduplex
formation during library preparation, two filters were applied. (1) Mismapping
and contamination filter. A heteroduplex could form either from two strands
originating from different places in the genome or from different sources due to
contamination with DNA from another accession. In this case, the strand with
the mismatch should accurately map elsewhere in the assembly or to
assemblies of other A. thaliana accessions. To test this, | extracted each
candidate event along with 1 kb flanking sequence on both sides and aligned
them using blastn v2.13.0 (Camacho et al. 2009) against both the focal
assembly, and other assemblies generated in the same project (Wlodzimierz et
al. 2023). (2) Heterozygosity filter. A heteroduplex could potentially also form
from a rare mutation and rehybridization of strands of the two alleles. To test
this, the entire HiFi read dataset was mapped to the site of each candidate
using minimap2, followed by inspection in IGV to confirm whether any reads

could be fully aligned at this position.

3.2.5 Exclusion of sequencing polymerase errors

In principle, systematic errors of the sequencing polymerase due to specific
sequence contexts could generate consistent subread-specific sequence
differences. In this case, the same error should be found in all reads covering
this position. | therefore first examined the same region in subreads from other
ZMWs. Second, | compared the polymerase kinetic information, specifically the
interpulse duration (IPD), in the detected events with the IPD pattern of known
sequencing errors. To this end, | mapped the raw sequencing output to the
assembly to generate an aligned bam file. Variants were called at the subread
level using Sniffles2 and | randomly picked variants with SUPPORT=1 tag in

the vcf file, indicating an error in a single subread. | then compared IPD values
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in the 100 bases flanking each candidate event on both sides with those of the
reads containing apparent sequencing errors. Third, | identified shared strand-
specific sequence differences that were either not shared by all subreads from

a single ZMW, or that were shared by subreads from multiple ZMWs.

3.2.6 Detecting the nature of strand differences

Sequence dotplots comparing the event sequences and corresponding
template sequences were generated using VectorBuilder Sequence Dot Plot
(https://en.vectorbuilder.com/tool/sequence-dot-plot.html). Sequences were
further analyzed using EMBOSS palindrome (https://www.bioinformatics.nl/cgi-

bin/emboss/palindrome) to detect potential palindromic structures.

3.3 Results

3.3.1 Capturing single-strand mutational events

The dataset used, from a single Sequel Il run of A. thaliana accession Gel-1,
consisted of 3,747,759 reads, or 579 Gb of subreads. | identified three events
where all subreads on one strand had an indel of at least 50 bases compared
to the complementary sequence of the other strand and the fully assembled
genome. Compared to the germline genome sequence, one eventis a 144 base
deletion (Figure 3.1a), one is a 99 base insertion (Figure 3.1b) and one is a
1,187 base insertion (Figure 3.1c). Individual subreads varied in length due to
the high sequencing error rate at the subread level, but all subreads align

cleanly to the strand-specific consensus sequences.
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Figure 3.1 IGV screenshots of the single-strand indels. Reads are sorted and colored
by strand. The top in each panel shows the alignment of all subreads from the same
ZMW, the bottom shows the alignment of the two single-strand consensus reads. a A
144 base deletion. b A 99 base insertion. ¢ A 1,187 base insertion.

3.3.2 Excluding false positives

| considered two scenarios that could lead to false positives: First, a read might

64



represent a heteroduplex artifact, with the two single strands originating from
two different double-stranded molecules that hybridized during library
preparation. Second, the difference between the two strands was introduced by

the sequencing polymerase.

For the first scenario, the variant strands must originate either from a related
region in the same genome, from a related region in another accession due to
contamination during library preparation, or from a heterozygous de novo indel
mutation at the site of the event. To test this, | aligned the sequence surrounding
the candidate single-strand indel and its flanking regions to the whole genome
of the focal accession as well as the genomes of all other accessions from the
same project (Wlodzimierz et al. 2023). To exclude the possibility that the
sequence originated from a heterozygous site, | aligned the sequence
surrounding the candidate single-strand indel to all reads in this sample,
expecting that other reads would support heterozygosity at this site. None of

these analyses yielded hits that would have supported a heteroduplex artifact.

For the second scenario, | performed three independent analyses. First, |
examined one of the polymerase kinetic parameters, the interpulse duration
(IPD). As background, HiFi sequencing uses the engineered phi29 DNA
polymerase. While the polymerase catalyzes the incorporation of fluorescently
labeled nucleotides into a newly synthesized complementary DNA strand (Eid
et al. 2009), the polymerase kinetics are recorded. The information has high
sensitivity to detect abnormal base incorporation (Eid et al. 2009). | first
inspected IPD values in two obvious polymerase errors, a 77 bp deletion and a
240 bp insertion (Figure 3.2a), each of which occurred in only a single subread.
The deletion and insertion events were characterized by pronounced IPD

abnormalities compared to the flanking regions (Figure 3.2b, 3.2c), with IPD
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values reaching extremes such as the maximum of 255 or close to 0. In
comparison, the three candidate indels had no such IPD anomalies (Figure 3.2d,
3.2e, 3.2f), with the IPD patterns across the indel regions being very similar to
those in the flanking regions. Second, | examined whether subreads from other
ZMWs covering the same genomic region showed evidence of indels. The
rationale was that if the sequence context systematically causes aberrant
behavior of the sequencing polymerase, this should lead to recurring
abnormalities in subreads covering this site. However, no subreads from other

ZMWs spanning these regions showed similar indel events.
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Figure 3.2 Polymerase kinetic information. a IGV screenshot of a ZMW containing
typical sequencing errors that occur in only one subread. Each line represents one
subread. b-c Line plots showing interpulse duration (IPD) values for regions with indel
sequencing errors and 100 bases up-and downstream. b Deletion error. ¢ Insertion
error. d-f Line plots showing IPD values of true indel events supported by all subreads
from the same strand (light color) with their corresponding template regions (dark color),
including 100 bases up- and downstream. d The 144 base deletion. e The 99 base
insertion. f The 1,187 base insertion.

Extending the logic of this second analysis, that there might be regions
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associated with systematically aberrant behavior of the sequencing polymerase,
| surveyed all ZMWs alignable to the nuclear genome to assess whether any
genomic position showed (Figure 3.3): (i) indels occurring in multiple but not all
subreads from one strand of a ZMW (Figure 3.3a), (ii) indels occurring in all
subreads from one strand of a ZMW and also in subreads from the opposite
strand of the same ZMW (Figure 3.3b), or (iii) indels occurring in all subreads
from one strand in a ZMW and also appearing in other ZMWs at the same site
(Figure 3.3c). | detected such events only in genomic regions containing
tandem repeats. Similarly, | found no instances where different ZMWs had
evidence for the same single-strand indel within any subset of subreads. Taken
together, these analyses make it very unlikely that the observed indels
supported by all subreads from one strand but not by any of the subreads from

the other strand are due to polymerase errors during sequencing.
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Figure 3.3 Schematic diagram showing alignment patterns if events were caused by
systematic errors. Red rectangles indicate events of interest. Lines with arrows
represent subreads, and the arrow direction and color indicate the two strand
orientations. a Indels occurring in multiple but not all subreads from one strand of a
ZMW. b indels occurring in all subreads from one strand of a ZMW and also in
subreads from the opposite strand of the same ZMW. ¢ indels occurring in all subreads
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from one strand of a ZMW and also appearing in other ZMWs.

3.3.3 Sequence features of single-strand indels

The three true single-strand indels are (i) loss of a sequence that is unique in
that region (Figure 3.4a), (ii) a direct duplication (Figure 3.4b), and (iii) a

triplication, in which the second copy is inverted (Figure 3.4c).
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Figure 3.4 Dotplots and schematic representations of single-strand indels compared
to their template strand. a The 144 base deletion, including 100 bases up- and
downstream. b The 99 base insertion corresponding to an additional copy of the
preceding 99 bases in the same orientation. ¢ The 1,187 base insertion corresponding
to two partial additional copies of the preceding 693 bases, with the middle copy in an
inverted direction. Gray lines indicate flanking regions, red lines indicate sequences in
the same direction as the template, and blue lines denote sequences in the opposite
direction. Configurations shown schematically at the bottom.

The loss of the 144 base unique segment could be caused by slipped-strand
mispairing (Tan et al. 2010; Kiktev et al. 2021), as the first 9 bases of the deleted
sequence, TTTTAAAAA, are identical to the first 9 bases immediately
downstream of the deletion (Figure 3.5). This single-strand deletion thus likely
corresponds to a bulge that formed in the template strand during DNA

replication.
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TTTTACACTAAAAAAATATCTAAAATCTCACCAATTTACTTTTCAATTTTTTTI
AAAAACAATGTTATGAAATTTGAATAACAGTGGATTTGATATGATTTTTATAA
ATTCATGATTGAATAACATGAAAGTTGAAATGATTTGAAATATTTTTTCATAAA
TTCAGTTTTAATAACTTGAAATTTGAGAAAATATTTTAAAAATCACTAATTGAA
TAACGGGTGATTTAACAAAAAAAAAAACC

Figure 3.5 Sequence of the 144 base deletion event and the 50 base flanking region
on the template strand. The deleted fragment is highlighted in red. Microhomology
sequences potentially contributing to the event are shown in yellow.

For the 99 base insertion, this could also result from slipped-strand mispairing
(Tan et al. 2010; Shi et al. 2013). The first two bases (TT) may serve as a
microhomology-mediated anchor, as the same TT sequence occurs
immediately after the duplicated segment (Figure 3.6). This single-strand
insertion thus likely corresponds to a bulge that formed in the newly synthesized

strand during DNA replication.

TAAATTGTAAACAAAAATTAGACAAAATTTATATTTAACTATATCAAATATT
ATATGAAGATTTATAACTATTAAATAGAAGTTATTTAAAACACACATAAAAT
CGTTTACAATACTTGACAACATATTTTAAATGTCGGCAATTGATTTTTTTT
CCGATTCAATTCAGTAATTTTTGTTCAATTGCCTCCTATCACTC

Figure 3.6 Sequence of the 99 base insertion and the 50 base flanking region on the
template strand. The newly duplicated fragment is highlighted in red. Microhomology
sequences potentially contributing to the event are shown in yellow.

For the 1,187 base insertion, the two extra copies are not full-length, but contain
deletions of 26 bases and 171 bases, respectively, relative to the 693 base
preceding sequence (Figure 3.7). The features align with the mechanism of
template switching mediated by palindromes (Reams and Roth 2015; Reams

et al. 2012; Chuong et al. 2025).
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AACTATTAGAAAAATACAATGTCTTATTAAATAAAACTAACTAATAGAAAAAT
ACATTATTTTACTAAATATGGTAAAGTAGCACTTTTTTAATTGGTTAGTAGG
AGAGACCATTTTTATTTGTATATACTGTAAATCTTGTTTATTTCCATCTAAAA
TATTATCCTTTTTGTTGTTTATAATAGTTTTTTGCTCTCTGCGTAGCATTAAG
TGGTAGAGAGGTGAATAAGACTAGAAGAACGGTCAATGGTGTCGATCACA
AAGATTTCTTTCGCGATGGAAAAGTTGGTGACTGGAAGAATCATCTGAGTG
TGACTCTTGAAACGGAGAACAAAATTGATATGACCATCAAGGAGAAATTTC
AAGGGTCAGGAACTCAGGATTGAAATTTTGAGTTAAATATGTATGTTGGTTT
GTGTGCTTTCTTTCATGCTTTGAAATAAATGTACCTTTCGTTGTGCCGTTGT
TATGTTCCTATTATTAATGGTTCTAGTTTGAATCGAGTGAGTGTCATTGGGG
GGTTTTGTTTCAAACGGTTACTTTGACTATAATATTTGTATCAAACTGTTCG
GAATATTTGGATAGAAACATTTATTAGGATCCGTTCGGGTTTAATAACTAAT
CGATTCGGTTTCAGAATCGGACACTTTTTATTTGGTTCCGGTTCGGTTTCC
AGGTTTTGCATTTTATGCGCAAACCTGGAAACCGAACCGGAACCAAATAAA
AAGTGTCCGATTCTGAAACCGAATCGATTAGTTATTAAACCCGAACGGATCC
TAATAAATGTTTCTATCCAAATATTCCGAACAGTTTGATACAAATATTATAGTC
AAAGTAACCGTTTGAAACAAAACCCCCCAATGACACTCACTCGATTCAAAC
TAGAACCATTAATAATAGGAACATAACAACGGCACAACGAAAGGTACATTTA
TTTCAAAGCATGAAAGAAAGCACACAAACCAACATACATATTTAACTCAAAA
TTTCAATCCTGAGTTCCTGACCCTTGAAATTTCTCCTTGATGGTCATATCAAT
TTTGTTCTCCGTTTCAAGAGTCACACTCAGATGATTCTTCCAGTCACCAACT
TTTCCATCGCGAAAGAAATCTTTGTGATCGACACCATTGACCGTTCTTCTAG
TCTTATTCACCTCTCTACCACTTAATGCTACGCAGAGAGCAAAAAACTATTAT
AAACAACAAAAAGGATAATATTTTAGATGGAAATAAACAAGATTTACAGTATAT
ACAAATAAAAATGGTCTCTCCTACTAACCAATTAAAAAAGTGCTACTTTACCAT
ATTTAGTAAAATAATGTATTTTTCTATTAGTTAGTTTTATTTAATAAGACATTG
TATTTTTCTAATAGTTTTTTGCTCTCTGCGTAGCATTAAGTGGTAGAGAGGTG
AATAAGACTAGAAGAACGGTCAATGGTGTCGATCACAAAGATTTCTTTCGCG
ATGGAAAAGTTGGTGACTGGAAGAATCATCTGAGTGTGACTCTTGAAACGGA
GAACAAAATTGATATGACCATCAAGGAGAAATTTCAAGGGTCAGGAACTCAG
GATTGAAATTTTGAGTTAAATATGTATGTTGGTTTGTGTGCTTTCTTTCATGCT
TTGAAATAAATGTACCTTTCGTTGTGCCGTTGTTATGTTCCTATTATTAATGGT
TCTAGTTTGAATCGAGTGAGTGTCATTGGGGGGTTTTGTTTCAAACGGTTACT
TTGACTATAATATTTGTATCAAACTGTTCGGAATATTTGGATAGAAACATTTAT
TAGGATCCGTTCGGGTTTAATAACTAATCGATTCGGTTTCAGAATCGGACACT
TTTTATTTGGTTCCGGTTCGGTTTCCAGGTTTTGCATTTTATGCGCAAACCT

Figure 3.7 Sequence of the 1,187 base insertion and the 693 base template sequence,
which is twice partially duplicated. The two new copies are highlighted in red.
Palindromic sequences potentially contributing to the event are shown in yellow.

In the original 693 base template sequence, the first and last 6 bases of the 26
bases missing in the first extra copy are AGGTTT and AAACCT, which can form
a palindrome, causing DNA synthesis to snap back and thereby initiating the

inverted copy. In the original 693 base template sequence, the first 8 bases of
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the 171 sequence missing in the third copy is AACTATTA, and the following 8
bases (positions 172-179) are TAATAGTT. The formation of the third copy is
likely due to TAATAGTT matching ATTATCAA in the template, complementary
to TAATAGTT in the first copy. The 1,187 bp insertion thus likely corresponds

to a set of hairpins that formed in the newly synthesized strand (Figure 3.8).

TTGATAAT ATTATCAA TCCAAA

(Original)

Figure 3.8 Schematic diagram showing the possible polymerase path (red line) for the
palindrome-stimulated template-switching event, which leads to the generation of the
triplicated sequence.

To look for potential stable secondary structures, | analyzed polymerase
kinetics using IPD values (Guiblet et al. 2018; Eid et al. 2009). No significant
changes in IPD were observed, making stable hairpins or G-quadruplex

structures unlikely.
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3.4 Discussion

To my knowledge, this is the first report documenting strand-specific sequence
differences of >50 bases captured directly using standard PacBio HiFi
sequencing. These events likely represent replication-associated structural
changes that occurred after synthesis of the nascent strand but before repair,
or alternatively reflect errors introduced by misrepair. Building on these findings,
| am currently extending the analysis to events shorter than 50 bases, which
are inherently more challenging to evaluate because shorter features are more

susceptible to sequencing or alignment error.

| also plan to extend this approach to additional A. thaliana accessions.
Compared with point mutations identified using a similar strategy (Liu et al.
2024), larger strand differences provide a clearer signal and reduce concerns
about insufficient subreads per strand, minimizing both false positives and false
negatives. Consequently, no special pre-experiment treatments are required for

library preparation.

Overall, this proof-of-concept study demonstrates that circular consensus
sequencing can be used not only to detect unrepaired single-nucleotide
mismatches but also larger, replication-associated structural discrepancies
between DNA strands. As raw subreads remain available for Sequel ll-based
datasets, the approach provides a practical means for examining strand-

specific replication errors across a wide range of biological contexts.
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4 Discussion

4.1 Insights from the two projects

Mutation is the ultimate source of genetic diversity and an important driver of
evolution. By studying different layers of mutation, including germline mutations,
somatic mutations, and unrepaired mutations, we can gain a clearer
understanding of the processes of mutation, repair, and selection. Because
mutations are so important to our understanding of evolution, both indirect and
direct approaches for detecting mutations have a long history, beginning with
measurement of lethal and fitness effects (Muller 1928; Mukai 1964), moving
on to phenotypic observation (Ohad et al. 1996), protein and DNA blot analyses
(Vidal et al. 1999), histochemical staining (Lucht et al. 2002), Sanger
sequencing (Polyak et al. 1998), and short-read sequencing (Sloan et al. 2012).
These approaches, however, provided only partial access to the complexity of
mutational landscapes, particularly in repetitive or structurally challenging
genomic regions, or in regions where small mutations do not produce a non-

sequence readout such as an altered phenotype or gene expression changes.

The development of long-read sequencing has fundamentally changed this
situation. Single-molecule, high-accuracy PacBio HiFi sequencing now enables
continuous reads through long repeats, permits accurate resolution of complex
structural variation, and, uniquely, allows multiple independent observations of

each DNA strand.

The two projects in my PhD thesis leverage complementary aspects of this
technology. The telomere project exploits the long read length and high
accuracy of HiFi reads in repetitive regions to fully resolve previously largely
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inaccessible sequences. The single-strand structural variant project, by
contrast, takes advantage of circular sequencing, which produces multiple
passes for each strand, to characterize transient, replication-associated
sequence differences between individual strands of the same DNA molecule.
Together, these studies illuminate mutational processes at two distinct scales:
the longer-term accumulation of changes across generations and the

immediate sequence states present during ongoing DNA replication.

4.1.1 Telomere diversity: conclusions and outlook

The telomere project provides the first genome-wide, population-level
characterization of degenerate and variant telomeric repeats in a multicellular
eukaryote. Except for the two chromosome ends adjacent to the long 45S rDNA
arrays, regions that remain challenging even with current long-read
technologies, | were able to reconstruct in detail the repeat composition at all

chromosome ends.

My work clarifies multiple aspects of telomere biology. | revealed structural
features that are conserved across the same chromosome end in different
individuals, as well as extensive diversity between and across chromosome
ends. The genetic-group-specific signatures that | discovered point to local
evolutionary dynamics, including homogenization, higher-order repeat
formation, and potential recombination of repair-mediated processes

influencing telomere evolution.

Beyond the telomeres, my work draws attention to interstitial telomeric repeats,
particularly those located in pericentromeric regions of Arabidopsis thaliana.
This situation is reminiscent of centromeric repeats, with interstitial centromeric
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repeats having only recently attracted attention (Corda and Giunta 2025). A.
thaliana contains extended telomeric repeat regions within the pericentromeric
regions of chromosome 1 (Naish et al. 2021) and chromosome 4 (Teano et al.
2023), with lengths of 355 kb and 72 kb, respectively. My unpublished results
indicate that pericentromeric regions display alternating patterns of centromeric
repeats, telomeric repeats, and transposons, and the mechanisms and
functional significance of these patterns are still under investigation. In addition
to repeats in pericentromere regions, there are other telomeric repeats
scattered throughout the genome. The mechanisms generating these
composite structures remain unknown, but long-read assemblies now make

them accessible for systematic study.

This project also opens the door to studying telomeric repeat variants in other
plants. Arabidopsis-like telomeric repeats are dominant in flowering plants
(Peska and Garcia 2020; Adams et al. 2001), found in around 80% of species.
The remaining species have distinct repeat types, such as TTTTTTAGGG in
Cestrum (Peska et al. 2015), and CTCGGTTATGGG in Allium (Fajkus et al.
2016). Systematic genome-wide analysis of variant telomeric repeats in these
species, using the framework that | established, would be of considerable

interest.

While my studies did not focus on this aspect, several recent studies have
employed long-read sequencing to directly measure telomere lengths (Colt et
al. 2024). Previously, telomere length could only be estimated by k-mer counts
from short reads, which was confounded by interstitial repeats and which could
not resolve telomere lengths at individual chromosome ends (Choi et al. 2021).
The most accurate approach involves the ligation of specific adaptors prior to

sequencing to ensure reads extend to chromosome ends (Karimian et al. 2024).
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In A. thaliana, telomere lengths typically range from 2 kb to 9 kb (Fulcher et al.
2015; Shakirov and Shippen 2004), which is shorter than standard long reads.
Therefore, conventional long-read sequencing is generally sufficient for A.
thaliana. In contrast, for species such as Zea mays, where average telomere
lengths can reach 26 kb (Chen et al. 2023), direct measurement methods are

less suitable.

4.1.2 Single-stranded structural variants: conclusions and
outlook

My second project demonstrates that HiFi sequencing can be used to detect
indel sequence differences between the two strands of the same native DNA
molecule. Such differences likely represent events generated during replication
before repair or errors introduced during misrepair. Although only three clear
cases were found among 3.7 million molecules, which is consistent with the
expectation that such events are rare, they provide direct evidence that circular
consensus sequencing can capture transient, strand-specific structural
alterations. The observed structures are consistent with template switching,
slippage-mediated mispairing, or palindromic deletions—mechanisms known
from studies in other organisms (e.g., Ottaviani et al. 2014; Kiktev et al. 2018;

Kurahashi et al. 2009).

My method opens a path toward quantifying and characterizing early
replication-associated events genome-wide. While previous studies have
primarily focused on point mutations (Liu et al. 2024), my findings substantially
broaden our understanding of mutational processes occurring during DNA

replication.
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In mature leaves of A. thaliana, only a few cells still longer actively divide, and
thus there is limited DNA replication. It is plausible that in other tissues with
higher rates of cell division, such as meristems, considerably more events are
found than in the material that | examined. Furthermore, the methodology
developed in this study could be highly relevant for other biological contexts,
including cancer cells, where active replication and repair processes

continuously generate new mutations.

The single-stranded SV events were first discovered accidentally while
analyzing somatic SVs, i.e., double-stranded SVs. Because | had access to
subread-level data from the PacBio Sequel Il system, | observed that some SVs
appearing only in some subreads of a single strand could be represented as an
SV in the HiFi read, which merges all subreads into a consensus sequence. In
contrast, the newer PacBio Revio system no longer outputs raw subreads

directly, as it integrates DeepConsensus during data processing.

4.2 Long-read sequencing studies in other
species

Long-read sequencing is being widely applied across the tree of life,
accelerating the discovery of variation in genome structures in many different
species In other plant species, for example, Iso-seq-based transcriptome
analysis has been performed in Zea Mays (Wang et al. 2016), pangenome
studies in Oryza sativa (Zhang et al. 2022), and investigations of F-box gene
duplications in Petunia. Beyond plants, long-read sequencing has improved
assembly completeness in algae (Li et al. 2025b), protozoa (Sun et al. 2025b),
fungi (Caron et al. 2025), bacteria (Abbot et al. 2025), and metagenomes

(Cusco et al. 2025), and has even supported the discovery of new species
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within metagenomic samples (Sereika et al. 2025). Overall, these studies
exploit the same key features of long-read sequencing: superior read length,

direct signal detection, amplification-free library preparation, and high accuracy.

4.3 Remaining challenges for Ilong-read
sequencing

Although long-read technologies have solved many longstanding problems,
several challenges remain. These include the detection of large inversions,
centromeric regions, high sequence-identity segmental duplications (SDs), and
multiallelic variable number tandem repeats (VNTRs; Schloissnig et al. 2025),
as well as structural variant (SV) calling in metagenomes (Agustinho et al.
2024). More specific examples include the acrocentric regions in humans
(Porubsky et al. 2025) and 45S rDNA regions in A. thaliana. These regions are
generally much longer than current long-read lengths. Nevertheless, the field is
moving toward unified frameworks combining genomics, epigenomics, and
chromatin conformation capture using long reads, and workflows for high-

accuracy cross-modality integration are being continuously improved.

The excitement surrounding third-generation sequencing is not limited to DNA,;
it also extends to RNA and protein sequencing. Emerging single-molecule
protein sequencing technologies, based on nanopores (Ritmejeris et al. 2024;
Brinkerhoff et al. 2021; Motone et al. 2024), or other methods (Reed et al. 2022),
aim to read not just four nucleotides but twenty amino acids. Although not yet
commercialized, the ability to sequence individual long protein molecules could
revolutionize proteomics, revealing long-range protein structures and post-
translational modifications, just as single-molecule long-read DNA sequencing

has transformed genome studies.
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4.4 Future directions: Understanding mutational

processes with the help of artificial intelligence

As elsewhere, artificial intelligence (Al) is emerging as a transformative force in
genomics. Many long-read sequencing tools now leverage Al methods such as
deep learning (DL) or machine learning (ML). For example, DeepSomatic (Park
et al. 2025) and DeepVariant (Poplin et al. 2018) use convolutional neural
networks to detect variant bases from pileup images representing different
sequencing features of aligned reads. DeepConsensus (Baid et al. 2023)
employs a transformer model on base-calling features to achieve high accuracy

of sequences.

In addition to tools designed for processing sequencing data, a more recent
direction involves applying natural language processing (NLP) concepts to
genomic sequences, referred to as genome language models (GLMs). The core
function of GLMs is to predict a masked base or the next base in a sequence
(Brixi et al. 2025), as DNA can be treated as a language: sequences of
nucleotides correspond to sentences, while k-mers or individual nucleotides
serve as “words” or tokens (Nguyen et al. 2023). We are now in an era of
abundant public sequencing data, such as those generated by the Earth
BioGenome project (Lewin et al. 2018), which provides strong opportunities for
the application of GLMs. Representative tools include Evo 2 (Brixi et al. 2025),
Nucleotide Transformer (Dalla-Torre et al. 2025), and DNABERT (Ji et al. 2021).
In the plant genomics field, several GLM tools have emerged in the past five

years, including PlantCAD2 (Zhai et al. 2025) and GPN (Benegas et al. 2023).

Many applications of these tools are related to the study of mutational effects,

such as the detection of long-range nucleotide dependencies (Tomaz da Silva
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et al. 2025), which can be influenced by secondary structure. The latent
features learned by GLMs enable both the identification of mutational signals
across species and the discovery of previously uncharacterized mutational
features within the same species, for example, the identification of previously
unannotated enhancers that are functionally similar yet share little sequence

similarity.

Beyond analytical applications, Al may also contribute to hypothesis generation
(O’Brien et al. 2024). Generative models could be used to design synthetic
telomeres or centromeres that could be tested for functionality in vivo. They
might also be able to predict the minimum functional size of various repeat
arrays, such as centromeres, telomeres and rDNA arrays, and CRISPR-
mediated targeted deletions could be used to test these predictions in vivo

(Thomson et al. 2025).

In summary, Al will almost certainly come to play a central role in the
interpretation of genome structure and function. Al-based models have the
potential to bridge the gap between biochemical experiments performed in vitro
and processes occurring in vivo, by accurately identifying at scale rare, but

highly informative events such as strand-specific SVs described in this thesis.
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