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Abstract

Structural variants (SVs) constitute one of the most significant sources of genetic

diversity, although their study has historically lagged behind due to technical lim-

itations. Inversions are particularly challenging due to their balanced nature and

the frequent presence of inverted repeats (IRs) at their breakpoints (BPs). Recent

technological advances have made it possible to overcome many of these limitations,

expanding considerably the catalogue of inversions and other SVs in humans. Never-

theless, most studies have only analysed a small number of individuals, which limits

the comprehensive evaluation of the functional effects of these variants. To address

this gap, we merged inversion candidates from multiple studies employing diverse

new genomic technologies, thus generating the most exhaustive inversion catalogue

to date. In addition, to enable accurate genotyping of these inversions, we devel-

oped GeONTIpe, a tool that uses Oxford Nanopore Technologies (ONT) long-read

data to detect inversion orientation by identifying reads spanning inversion break-

points with probe sequences located inside and outside the inverted regions. Using

this approach, we analysed 1,235 variants, including some flanked by IRs up to 190

kb in length, in 1,409 samples, and identified 680 polymorphic inversions showing

both orientations, 191 of which exhibited a global minor allele frequency (MAF)

larger than 1%. Moreover, 740 regions contained additional SVs in at least one

sample, with 362 of them exhibiting variants in more than 1% of samples, high-

lighting the complexity present in repetitive regions. Several quality controls were

performed to assess the reliability of the inversion genotypes, including Mendelian

consistency, comparisons with experimental genotypes, linkage disequilibrium (LD)

analysis with surrounding SNPs, and Hardy–Weinberg equilibrium, identifying can-

didate variants that require further validation. One possible explanation for some

of the problematic genotypes is the presence of haplotypes with different structural

configurations, consistent with the multiple SVs found in some regions. However,

GeONTIpe has a limited ability to correctly characterise those regions. In fact,

in depth manual analyses revealed numerous haplotypes in several regions, includ-

ing 19 haplotypes within the functionally relevant HsInv0786 locus. To scale up

ix



this analysis, we developed CHARONTE, which is based on the mapping of unique

k-mers to ONT long reads, and exploits their position, orientation, and spacing

to reconstruct individual structural haplotypes of multiple samples in complex re-

gions of the genome, allowing population-level analyses of haplotype frequency and

distribution. The application of this new methodology to characterise three com-

plex regions in a set of 213-455 samples identified 18 structural haplotypes for the

HsInv0401 region, 8 for HsInv0390, and 5 for HsInv0231, some of which were not

previously described. These structural haplotypes harbour deletions, insertions, in-

versions, and inverted duplications, including a recurrence event for the HsInv0231

inversion. Also, these haplotypes were largely in agreement with previous studies,

suggesting that CHARONTE is a valuable resource for the detailed characterisation

of complex genomic regions. Therefore, long-read sequencing analysis offers a great

potential for resolving and genotyping multiple genomic regions in large numbers of

individuals, facilitating a deeper understanding of the diversity of SVs in the human

genome and their functional consequences.
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1. Introduction

The rediscovery of Mendel’s laws of inheritance in the early twentieth century

marked a turning point in the emergence of genetics as a scientific discipline. Since

then, genetics has sought to understand how information is transmitted from par-

ents to offspring and how this information shapes the traits we exhibit in the world.

Research has spanned from the study of entire chromosomes to the identification

of tiny genetic variants, gradually revealing what defines and distinguishes us as

individuals. These efforts have unveiled a fraction of the immense diversity encoded

in the genome, both at the sequence level and in its structural organisation. How-

ever, far from being a complete journey, each discovery uncovers new questions and

challenges, highlighting that the exploration of the human genome is a continuously

unfolding adventure.

1.1 Genetic variation

Currently, the world is home to a diverse array of human populations. Despite the

large phenotypic differences that can be observed between populations or unrelated

individuals, we share 99% of the genome. The differences observed between genomes

are called genetic variation (Nevo, 1978; Talseth-Palmer & Scott, 2011; Alzu’bi et

al., 2019). These genetic variants, which differentiate individuals from each other,

come in various shapes and sizes. Some affect only a few base pairs, such as single

nucleotide variants (SNVs) in which single nucleotide polymorphisms (SNPs) are

included, indels and short tandem repeats (STRs), whereas others, such as structural

variants (SVs), can affect millions of bases (Figure 1.1).

1
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Within small variants, SNPs are characterised by the substitution of a single base for

another. In contrast, indels involve small deletions or insertions that affect at least

50 bases, altering the amount of sequence. Meanwhile, STRs are 1-6 base sequences

that are repeated in different numbers of copies on different chromosomes, becoming

one of the most variable genomic elements (Weischenfeldt et al., 2013; Verbiest et al.,

2023). On the opposite side, SVs are defined as variants in which a rearrangement

affects more than 50 base pairs. SVs can be divided into two main groups; the first

includes copy number variants (CNVs), which are variants that modify the number

of copies of a specific genomic fragment. Within CNVs, deletions and insertions

are included as unbalanced variants, as they alter the sequence dosage. The second

group are the balanced variants, in which translocations, both interchromosomal and

intrachromosomal, and inversions are included. Sometimes, a locus can present mul-

tiple of these variants, generating complex genomic rearrangements (CGRs) (Zhang

et al., 2009; Weischenfeldt et al., 2013; Carvalho & Lupski, 2016; Mahmoud et al.,

2019; Ho et al., 2020) (Figure 1.1). These complex rearrangements usually involve

multiple breakpoints (BPs), which can be defined as novel junctions generated by a

structural mutation. At the same time, these rearrangements cannot be explained

by a single-end joining or an deoxyribonucleic acid (DNA) exchange event (Zhang

et al., 2009; Quinlan & Hall, 2012; Schuy et al., 2022).

Figure 1.1: Overview of the different forms of genetic variation. Small or
simple variants are those that affect less than 50 bp. When the affected region has
at least 50 bp, the changes are considered SVs.
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Among the various forms of genetic variation, SNPs are the most abundant, account-

ing for roughly 90% of all detected variants (Alzu’bi et al., 2019). When comparing

two individuals, SNPs represents between about 0.1% of the genome, corresponding

to approximately 4 to 5 million variable bases. However, when structural variants

(SVs) are also considered, the total genomic divergence increases to about 0.5–1%,

since SVs can span much larger genomic regions, affecting between 20 and 130 mil-

lion bases, depending on the study (Weischenfeldt et al., 2013; Cook et al., 2020).

This variation is notably significant in the telomeric regions due to the abundance of

SVs in these genomic areas (Mahmoud et al., 2019). From the perspective of pheno-

typic effects, SVs have been shown to be approximately three times more likely to be

associated with a genome-wide association study (GWAS) signal compared to SNVs

(Uffelmann et al., 2021). This is particularly relevant given that GWAS are widely

used to identify associations between genotypes and phenotypes by comparing dif-

ferences in variant allele frequencies between individuals of the same population

who exhibit different phenotypes (Uffelmann et al., 2021). Typically, these stud-

ies involve comparisons between affected individuals (cases) and healthy individuals

(controls). When considering only the largest SVs, those exceeding 20 kilobases, the

probability of influencing gene expression increases dramatically, reaching up to 50

times higher than SNVs (Chaisson et al., 2019).

Human diversity was not possible to study until the development and improvement

of sequencing technologies, which allowed us to characterise multiple individuals.

As more samples were analysed, it became increasingly clear that human diversity

was greater than initially expected. However, while these advances had a significant

impact on the characterisation of SNPs, SVs lagged behind due to the technical

challenges involved in their detection and analysis (Mahmoud et al., 2019; Hollox

et al., 2022). The underdetection of SVs and rare variants could partially explain

the problem of missing heritability, which can be defined as the gap between the

heritability estimated from family studies and that linked to traits and diseases

through GWAS (Manolio et al., 2009; De Coster et al., 2021). An example of this

could be the fact that SVs play a crucial role in some human pathology, such as

autism (Pinto et al., 2010) and schizophrenia (Marshall et al., 2017), which are
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related to CNVs. Currently, we have a growing understanding of certain genetic

variations and their effects. However, much of this knowledge has been accumulated

over many years of research, and we are far from fully characterising SVs and their

functional consequences.

1.1.1 Variation discovery

The nineteenth century marked the beginning of genetics with the discovery of

Mendel’s principles of inheritance. They were the key to understanding that certain

traits in organisms were heritable. The understanding of inheritance expanded with

the realisation that genes govern specific phenotypes. In the next years, these dis-

coveries were followed by the description of the genome structure, a double-stranded,

helical, complementary, and antiparallel model of DNA. The next milestone in our

understanding was reached with the discovery of the genetic code, which revealed

that a sequence of three adjacent nucleotides, known as a codon, encodes a specific

amino acid (Watson & Crick, 1953; Durmaz et al., 2015). This understanding led

to the emergence of numerous methods for visualising and analysing chromosome

structure and function.

The first genetic analyses were performed in the middle of the twentieth century,

when cytogenetics allowed the counting of chromosomes and the identification of sig-

nificant chromosomal anomalies, such as the trisomy of chromosome 21, the cause

of Down syndrome (Lejeune et al., 1959; Durmaz et al., 2015). Despite the success

of classical cytogenetic techniques in detecting large-scale chromosomal alterations,

new methods were later developed to identify additional types of genomic variants.

Among these classical approaches, G-banding remains a fundamental technique,

which through specific chemical treatments and staining procedures reveals char-

acteristic light and dark banding patterns along chromosomes (Yunis, 1976). The

analysis of these bands allows for the detection of multiple types of SVs, such as

deletions, translocations, or inversions. Although numerous large-scale SVs (> 3

Mb) have been identified, these generally affect only a small number of individuals

and are commonly associated with diseases, which does not reflect typical human
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variability (Durmaz et al., 2015; Balajee & Hande, 2018). The next step in variant

discovery came with the introduction of fluorescence in situ hybridisation (FISH),

which was initially based on radioactive labelling and was later replaced by fluo-

rescent probes to detect chromosomal rearrangements (Pardue & Gall, 1969; John

et al., 1969; Shakoori, 2017). Subsequently, the development of multiple probes and

their combinations greatly increased the versatility and resolution of the technique.

As a result of FISH, submicroscopic SVs were detected for the first time, allowing

the discovery of multiple congenital anomalies. The evaluation of chromosomal re-

arrangements in the entire genome using FISH was extremely costly, leading to the

development of comparative genomic hybridisation (CGH) based on arrays, which

allows the detection of CNVs at high resolution (Kallioniemi et al., 1992; Durmaz

et al., 2015).

At that time, the idea of studying single-base variations was not feasible. To achieve

this goal, polymerase chain reaction (PCR), which allowed the generation of thou-

sands of copies of a DNA sequence, was necessary (Saiki et al., 1985). PCR was a

great success, especially when first-generation sequencing methods were applied to

determine the specific nucleotide composition. These sequencing technologies, first

using Maxam-Gilbert chemical sequencing and then Sanger sequencing, allowed the

analysis of SNVs and were crucial in advancing our sequencing capabilities. These

efforts were materialised at the beginning of the 2000s with the achievement of the

first near-complete human genome sequence by the Human Genome Project in par-

allel with Cellera Genomics (Lander et al., 2001; Venter et al., 2001; International

Human Genome Sequencing Consortium, 2004). The completion of these large-scale

projects not only provided a first picture of the genes on the genome but also led

to improvements in sequencing technology. The first genome was only the starting

point; later, multiple international projects were developed to study in detail the

variation responsible for our phenotypic traits. The initial HapMap Project (Gibbs

et al., 2003; The International HapMap Consortium, 2005; Altshuler et al., 2010)

provided one of the first large-scale resources that describes patterns of DNA se-

quence variation between human populations, with a particular emphasis on SNPs.

However, these early efforts relied on technologies that were costly and limited in



6 Chapter 1. Introduction

their ability to capture the full spectrum of genetic variation.

The advent of massively parallel sequencing (MPS) technologies, later known as next

generation sequencing (NGS), marked a major turning point (Margulies et al., 2005;

Heather & Chain, 2016). Using these advances, 1000 Genomes Project (1000GP)

(McVean et al., 2012; Auton et al., 2015; Byrska-Bishop et al., 2022) generated a

comprehensive catalogue of human sequence variation between diverse populations

and a wide range of allele frequencies. Subsequently, numerous NGS-based sequenc-

ing projects were launched to further characterise human genetic diversity, focussing

either on specific populations (Wong et al., 2013; Genome of the Netherlands Con-

sortium, 2014; UK10K Consortium et al., 2015; Besenbacher et al., 2015; Nagasaki

et al., 2015; Ameur et al., 2017; Choudhury et al., 2017; Chheda et al., 2017; Kim

et al., 2018; 100,000 Genomes Project Pilot Investigators et al., 2021; Kurki et al.,

2023) or including individuals from multiple global populations (Gurdasani et al.,

2015; Mallick et al., 2016).

Such research efforts have been highly successful in identifying and describing ge-

netic variation, becoming the basis in which to search for associations between ge-

netic variation and phenotypic effects. However, the main focus has been largely

on SNVs, while SVs have remained in the background. This imbalance has been

reduced with the development of new sequencing techniques that allow for a more

accurate analysis of SVs. These advances are currently being made, particularly

through the implementation of these third-generation sequencing technologies, such

as Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT) (Dijk

et al., 2018; Amarasinghe et al., 2020). At the same time, larger-scale population

studies are being carried out using not only NGS but also this third-generation se-

quencing technologies (Beyter et al., 2021; Ebert et al., 2021; Quan et al., 2021;

Gustafson et al., 2024; Schloissnig et al., 2025). Part of these efforts and uses of

third-generation sequencing technologies have been reflected in the generation of the

first telomere-to-telomere (T2T) genome in 2022 (Nurk et al., 2022). Recently, the

first version of the human pangenome has been created to capture diversity within

large sample collections using graph models. The samples used to develop this
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pangenome were sequenced using various methodologies, including third-generation

sequencing technologies (Liao et al., 2023). However, to accurately represent di-

versity, the improvement of the detection and characterisation of genetic variants

is essential, especially those historically overlooked, such as inversions, which still

constitute a challenge to study.

1.2 Inversions

Inversions are a common class of structural variants characterised by a change in

orientation of a segment of DNA. Inversions occur when two breaks on the same chro-

mosome are generated and the internal sequence rotates 180 degrees and is reinserted

at the same location, but in reverse orientation (Kirkpatrick, 2010). Those remain as

one of the least studied variants due to their balanced nature and the frequent pres-

ence of repetitive regions becoming the BPs(Puig, Casillas, et al., 2015). Although

inversions were identified early, only a few have been thoroughly researched in hu-

mans and their clinical relevance is still largely unknown. However, inversions have

been linked to various phenotypic traits and adaptations in multiple species (Puig,

Casillas, et al., 2015; Vicente-Salvador et al., 2017; Wellenreuther & Bernatchez,

2018; Puig et al., 2020). Before analysing the various impacts and outcomes of

inversions, it is essential to consider the history of this structural variant.

1.2.1 An historical perspective

The history began in 1913, when the first genetic map of Drosophila melanogaster

was generated based on the frequency of cross-over events between normal and

mutant alleles of six genes located on the X chromosome (Sturtevant, 1913). These

crossovers were instrumental in the establishment of the linear arrangement of genes,

allowing Alfred H. Sturtevant to realise that certain chromosomes in Drosophila

carried “crossover modifiers”, factors that reduced the frequency of recombination at

specific loci in some individuals (Sturtevant, 1917; Fuller et al., 2019). Later, when

Sturtevant compared chromosome X of Drosophila melanogaster and Drosophila

simulans, he discovered that five genes regulating similar traits were arranged in
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the same order, indicating conservation among related species (Sturtevant, 1921b).

Despite the general similarity, Sturtevant identified three identical loci on the third

chromosome that were arranged in reverse order, constituting the first published

evidence on an inversion (Sturtevant, 1921a; Wellenreuther & Bernatchez, 2018;

Huang & Rieseberg, 2020). In the following years, Sturtevant obtained enough

mutants with chromosomes containing the inversion in Drosophila melanogaster to

establish that the inversions were indeed dominant crossover suppressors (Sturtevant

& Mather, 1938; Wellenreuther et al., 2019). This statement was later validated by

the observation of giant polytene chromosomes in the salivary glands of Drosophila

larvae. These chromosomes allowed the direct visualisation of inversion loops in

heterozygotes, formed to maintain homologous pairing during somatic chromosome

alignment (Kapun & Flatt, 2019). Although cytogenetic methods were initially

limited, the clear banding patterns of polytene chromosomes provided a powerful

tool to detect chromosomal rearrangements (Dobzhansky & Sturtevant, 1938; Brehm

& Krimbas, 1991; Kirkpatrick, 2010; Huang & Rieseberg, 2020).

Inversions became one of the first variants studied (Kapun & Flatt, 2019) and were

widely used as genetic markers to infer phylogenetic relationships based on fixed

inversions among closely related species. In addition, differences in chromosomal

banding map patterns were observed between individuals of the same species, find-

ing thousands of polymorphic inversions (Dobzhansky & Sturtevant, 1938; Wellen-

reuther & Bernatchez, 2018; Fuller et al., 2019).

The 1970s decade and the improvement of molecular biology techniques caused a

progressive reduction in the popularity of inversion research (Kirkpatrick, 2010;

Wellenreuther & Bernatchez, 2018). These new techniques included the establish-

ment of different genetic markers such as microsatellites, restriction fragment length

polymorphisms (RFLPs) (Botstein et al., 1980), amplified fragment length poly-

morphisms (AFLPs) (Vos et al., 1995), and later SNPs (Wellenreuther et al., 2019).

With the low-cost and high-throughput methods for genotyping numerous SNPs

with array-based techniques, SNPs became the most studied type of variants. In

addition, these techniques allowed the identification of large unbalanced variants,
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CNVs, including deletions and insertions. However, the study of inversions compli-

cated by their balanced nature with no gain or loss of DNA lag behind, compared

to the other variants that were easier to detect SVs (Alkan et al., 2011).

Despite the use of sequencing technologies, the study of inversions in humans re-

mained limited to basic cytogenetic techniques, such as G-band karyotyping, which

cannot detect submicroscopic variations. Here, several pericentric inversions, those

that encompass the centromere, affecting chromosomes 1, 2, 9, 10, 12, 16, X, and Y

were identified (Hsu et al., 1987; Thomas et al., 2008; Feuk, 2010). Among these,

the inversion of the centromere of chromosome 9 is the most relevant, showing a

frequency ranging from 0 to 4% in human populations. However, these large inver-

sions have not been associated with negative phenotypic effects or fertility problems,

and in many cases they simply appear to be consequences of the repetitive archi-

tecture of pericentromeric regions (Yamada, 1992; Mozdarani et al., 2007; Dana &

Stoian, 2012; Kosyakova et al., 2013; Nonaka et al., 2019). Furthermore, cytogenetic

analysis has been implemented as routine in hospitals, where it is used to find de

novo rearrangements that appear in patients or families and are often associated

with clinical symptoms (Vermeulen et al., 2005; Partida-Pérez et al., 2012; Oliveira

et al., 2013; Sotoudeh et al., 2017) or cancer (Beau et al., 1983; Gorello et al.,

2013; Kaneko et al., 2014; Lv et al., 2020). Other techniques were used to try to

characterise inversions, usually focussing on target-based approaches such as FISH,

however, they allowed only for the identification of a limited number of inversions

(Antonacci et al., 2009). The lack of high-throughput discovery and genotyping

methods for inversions was a limitation in obtaining a representative catalogue of

inversions and defining their functional impact (Feuk, 2010). New computational

genomics in conjunction with improved sequencing techniques, such as long-read

sequencing, is leading to the rediscovery of inversions, improving their detection,

and their involvement in evolutionary and functional processes (Wellenreuther &

Bernatchez, 2018; Fuller et al., 2019; Chaisson et al., 2019; Ebert et al., 2021;

Porubsky et al., 2022). With all this in mind, the following sections aim to explore

in greater depth the intricacies of inversions, from their mechanistic origins to the

phenotypic associations that have been identified to date.
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1.2.2 A mechanistic view

Traditionally, inversions were classified by examining whether they involve the cen-

tromere (pericentric) or not (paracentric) (Figure 1.2 - A). Paracentric inversions

are more common and some estimates suggest that each person could have approx-

imately 100 of those inversions in their genome (Chaisson et al., 2019; Ebert et

al., 2021; Porubsky et al., 2022). In addition, inversions can be classified accord-

ing to their mechanism of formation. Inversions can occur during various cellular

processes: DNA recombination, repair, and replication, and can be generated by

different mechanisms that can involve homologous or repetitive sequences or not:

non-allelic homologous recombination (NAHR) and non homologous (NH) mecha-

nisms (Escaramís et al., 2015).

NAHR inversions

NAHR inversions occur between a pair of repeats in opposite relative orientation.

These repeats can be transposable elements (TE) or low copy repeats (LCR), which

can also be called segmental duplications (SDs). SDs consist of DNA blocks with

more than 90% identity between both copies and more than 1 kilobase in size.

They can contain genes, pseudogenes, gene clusters, or other paralogous sequences

(Eichler, 2001; Burssed et al., 2022). Repetitive sequences play a key role in the

promotion of NAHR mechanisms. Although SDs are well-known contributors, mo-

bile elements such as long interspersed nuclear elements (LINEs), short interspersed

nuclear elements (SINEs), and long terminal repeats (LTRs) can also drive this

process by providing homologous sequences that facilitate recombination (Startek

et al., 2015). Their similarity, along with factors such as size and orientation, influ-

ences the architecture of the genome and creates regions susceptible to structural

rearrangements. NAHR variations are generated by the misalignment of these repet-

itive elements after double-strand break (DSB) during mitosis or meiosis, causing

an unequal crossing event that generates a rearrangement in the daughter cells. De-

pending on the relative orientation and location of the repetitive sequences, different

SVs can emerge from the process. When the repeats are in inverted orientation and
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in the same chromosome, it generates an inversion (Figure 1.2 - C), whereas when

the repeats are in the same orientation, a deletion arises (Figure 1.2 - B). When

repeats are located on different chromosomes, they lead to a translocation (Burssed

et al., 2022). Generally, the genomic elements that generate NAHR inversions can

be called inverted repeats (IRs), which encompass SDs and other repetitive elements

in inversion BPs.

The presence of IRs constitutes one of the main problems in inversion detection. IRs

act as obstacles to achieving the inverted region, because they are usually longer than

the reads or library inserts (Puig, Casillas, et al., 2015; Porubsky et al., 2022). How-

ever, the development of third-generation sequencing methods is helping to overcome

this limitation, due to the obtention of larger reads. The other main feature of this

type of inversion is recurrence, which occurs when an inversion arises repeatedly in

independent events, both within and between species. This phenomenon can also

be called "inversion toggling" (Fickelscher et al., 2007; Zody et al., 2008; Antonacci

et al., 2009; Salm et al., 2012; Giner-Delgado et al., 2019; Porubsky, Sanders, Höps,

et al., 2020; Puig et al., 2020; Porubsky et al., 2022). Recurrence can occur as long

as repetitions are maintained (Cáceres et al., 2007). In addition, the length and

distance between these IRs have been shown to influence the occurrence of inver-

sions. The proximity and large size of these IRs increase the likelihood of inversion

formation and subsequent recurrence events (Giner-Delgado et al., 2019; Puig et al.,

2020). One consequence of recurrence is the reduction in linkage disequilibrium (LD)

inversions with other variants in the region, as well as the presence of shared SNPs

between the two orientations, which complicates genotyping by association with

other variants easier-to-genotype and reduces the precision of prediction methods

based on imputation. As a direct consequence of these features, the NAHR inver-

sions have been understudied and their functional impact is in most cases unknown

(Aguado et al., 2014; Giner-Delgado et al., 2019; Porubsky et al., 2022).

NH inversions

The other main pathway of inversion formation involves the repair of DNA breaks

through mechanisms such as non-homologous end-joining (NHEJ) and microhomol-
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ogy mediated end-joining (MMEJ), as well as replication-related errors, which in-

clude processes such as fork stalling and template switching (FoSTeS), serial repli-

cation slippage (SRS), microhomology-mediated break-induced replication (MM-

BIR) and break-induced serial replication slippage (BISRS) (Escaramís et al., 2015).

These mechanisms are collectively known as non-homologous pathways and can pro-

duce inversions as a result of unique events (Lee et al., 2007).

Repair-based inversions

DSB are essential for processes such as meiotic recombination and immune system

development, but can also be a negative consequence resulting from endogenous (e.g.

reactive oxygen species) or exogenous (e.g. radiation) factors. If these breaks are

not correctly repaired, they can threaten genome stability and produce mutations,

and for that reason multiple repair mechanisms are needed (McVey & Lee, 2008;

Jiang, 2022). Between all these repair-based and replication-based mechanisms,

homologous recombination (HR) and NHEJ are the main pathways for repair DSB

in mammals. In the case of NHEJ, when both DNA strands are broken, the ends are

directly ligated and rejoined with little or no sequence homology (<4 bp). Although

NHEJ can generate gain or loss of nucleotides, or even translocations at BPs, it

generally operates with high fidelity and is not considered a major source of genomic

instability (Lieber et al., 2010; Escaramís et al., 2015; Burssed et al., 2022).

On the other hand, MMEJ is responsible for DSB repair in few cases and has tradi-

tionally been considered a backup mechanism when NHEJ and HR are not functional

(Escaramís et al., 2015; Seol et al., 2018). However, MMEJ has been shown to be a

prominent repair pathway in multiple models, even when the main pathways are ac-

tive. The main feature of MMEJ is that it uses sequence microhomologies (2-20 bp)

during the rejoining of broken ends, resulting in the production of deletions at the

BPs junctions (McVey & Lee, 2008; Carrara et al., 2025). In MMEJ, the repair pro-

cess involves resection of the 5′ end at BPs, generating 3′ single-stranded overhangs.

These overhangs can align via the mentioned microhomologies, leading to deletion

of the intervening sequence (Burssed et al., 2022). Due to this process, MMEJ is
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considered more prone to error and produces a higher genome instability. In general,

inversions arising from DSB repair are distributed throughout the genome without

a clear pattern and are accompanied by short insertions and deletions at the BPs.

Replication-based inversions

Replication-based processes generate complex rearrangements that can involve mul-

tiple BPs and variants such as insertions, deletions, or inversions (Lee et al., 2007).

During replication, genomic rearrangements can arise when the replication fork

stalls, leading to a mechanism known as FoSTeS, in which DNA polymerase switches

templates and the DNA synthesis is re-started (Zhang et al., 2009; Burssed et al.,

2022). This template switching is driven by microhomologies in nearby single-

stranded DNA, which can occur repeatedly and produce rearrangements that range

from kilobases to megabases (Escaramís et al., 2015; Carvalho & Lupski, 2016). If

switching involves sequences in opposite orientation, inversions can be generated

(Burssed et al., 2022), often with flanking deletions (Vicente-Salvador et al., 2017)

(Figure 1.2–D).

SRS can produce small complex rearrangements as a consequence of multiple rounds

of forward and backward replication slippage, producing a provisional dissociation of

the primer and template strands followed by a misaligned reassociation that leads

to loss or duplication of the region in the presence of short direct repeats (Chen

et al., 2005; Escaramís et al., 2015). Other replication-based mechanisms include

BISRS and MMBIR. Unlike FoSTeS, these mechanisms are initiated by a replication

fork collapse, resulting in a single-ended DSB. In this context, the break arises from

the failure of the replication machinery, leaving one broken DNA end rather than a

canonical two-ended DSB. The exposed 3′ single-stranded overhang can then invade

a different genomic region to reinitiate DNA synthesis (Hastings et al., 2009).

In BISRS, this invasion is mediated by long stretches of homology, whereas in MM-

BIR it is based on short microhomologies. In contrast, FoSTeS does not require

the formation of a DSB and instead involves template switching by a stalled but

unbroken replication fork.
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(A) (B)

(C) (D)

Figure 1.2: Classification of inversions by location (A) or by mechanism of
generation (B, C and D). (A) The involvement of the centromere in an inver-
sion determines its classification: pericentric when the centromere is affected and
paracentric when it is not. (B and C) NAHR events occur between direct SDs (B),
generating deletions, or between inverted copies (C), generating inversions. (D) FoS-
TeS can produce inversions when the polymerase stalls and switches templates in
microhomology regions. This mechanism often leads to the formation of additional
structural variants surrounding the inversion BPs. Arrows indicate the path and
direction of the DNA synthesis and dashed lines show the template switching events
between DNA strands.

The underlying characteristics of an inversion can provide information on their mech-

anism of origin. NAHR inversions are typically characterised by homologous se-

quences at their BPs, tend to occur recurrently, and are less likely to be associated

with other structural variants. In contrast, NH inversions generally lack breakpoint

homology, arise from unique events, and are more frequently accompanied by ad-

ditional structural variants at BPs (Vicente-Salvador et al., 2017; Giner-Delgado

et al., 2019). Due to their molecular characteristics, NH inversions have historically

been easier to detect, particularly with short-read sequencing technologies, which are
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often blind to inversions mediated by IRs (Lledó & Cáceres, 2013). Over the years,

numerous studies have been aimed at unravelling the mechanisms underlying the

formation of SVs, showing that NAHR inversions tend to appear more frequently

(Kidd et al., 2010; Pang et al., 2013; Chaisson et al., 2015). However, the true

number of NAHR variants is likely much higher, given the intrinsic properties of

these inversions, which make them difficult to detect using traditional sequencing

approaches with short reads that cannot span large repeats at inversion BPs. An

indication supporting this statement is the high abundance of SDs in the human

genome ranging from 5% (Bailey et al., 2002) to 6.6% (Nurk et al., 2022), and the

widespread presence of repetitive elements, which comprise between half and two

thirds of the genome (Lander et al., 2001; Koning et al., 2011; Nurk et al., 2022),

which are substrates for NAHR events.

1.3 Functional consequences

Having reviewed the history of inversion discovery and classified inversions into

groups based on their characteristics, the next step is to address their potential

functional effects. An important consideration is that, in some cases, the genetic

content between the two orientations remains identical, raising the question of the

impact that a simple change in linear DNA order can have.

Large inversions were discovered more than a century ago and some have been

systematically detected using cytogenetic methods such as karyotyping. Although

many have not been clearly linked to functional effects in most cases, mainly due

to the technical difficulty of accurately genotyping them. However, several de novo

inversions, as well as inversions segregating within families, have been demonstrated

to cause specific diseases (Lakich et al., 1993; Bondeson et al., 1995; Osborne et al.,

2001; Pagnamenta et al., 2023, 2024; Bozkurt-Yozgatli et al., 2025). Over the years,

chromosomal inversions have also been found to exert a variety of direct and indirect

effects at the molecular level, with functional and evolutionary implications. In the

following section, we discuss these effects in more detail and provide illustrative

examples from the literature.
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1.3.1 Indirect effects

Inhibition of recombination

As was mentioned before, since the beginning of inversion discovery as "crossing-

over modifiers", it was clear that inversions were able to reduce the recombination

between opposite orientations, or which is the same, in heterozygote individuals.

This feature is key to understanding the impact of inversions in an evolutionary

and functional perspective. In diploid organisms, homologous chromosomes pair for

recombination during the first meiotic division. When there is a heterozygous inver-

sion, disrupted homology within the inverted region leads to the formation of a chro-

mosomal loop, allowing homologous chromosomes to align in opposite orientations

along this segment (Hoffmann & Rieseberg, 2008; Kirkpatrick, 2010; Wellenreuther

& Bernatchez, 2018). As mentioned above, this phenomenon was observed for the

first time in Drosophila polytene chromosomes (Dobzhansky & Sturtevant, 1938).

Depending on the location of the inversion (whether it involves a centromere or not),

the resulting gametes differ. If a crossover occurs within the chromosomal loop, the

resulting unbalanced products will vary accordingly. In the case of paracentric in-

versions, four products will be generated, a dicentric bridge, an acentric fragment,

and two chromosomes with all loci (one in standard order and the other in reverse

order)(Figure 1.3). In the next steps of meiosis, the acentric chromosome will be lost

due to the inability to be drawn to the cell pole. Meanwhile, the dicentric bridge will

break in a random position, leaving behind two products with deletions as a result

of the bridges being drawn to opposite poles. If such recombinant chromatids are

transmitted to the offspring, the result will be a segmental aneuploidy in the zygote

(Figure 1.3). Instead, if the crossover is produced within a pericentric inversion,

four products are also generated: two chromosomes with all loci (one in standard

order and the other in reverse order), and two duplication and/or deletion products,

in which some loci can be duplicated or deleted, depending where the crossover

occurs (Wellenreuther & Bernatchez, 2018) (Figure 1.3). Therefore, inversions are

likely to affect fertility due to the production of unbalanced chromosomes, which
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cannot provide viable progeny. To avoid this, recombination within inversions must

be suppressed. This can occur either through a true inhibition of crossover forma-

tion within the inverted region or through selection against recombinant gametes

that are rendered unbalanced by crossing over (Puig, Casillas, et al., 2015; Yahaya

et al., 2021). It is important to note that, unlike other SVs, inversions have an

inherent disadvantage due to their negative effects on fertility. Therefore, the fact

that some inversions are maintained—and even increase in frequency—within pop-

ulations likely reflects the presence of selective advantages that counterbalance this

reduction in fertility (Giner-Delgado et al., 2019). This negative effect on fertility

has an exception, Drosophila species and other Diptera, in which males do not re-

combine during meiosis and in females these aneuploid products are pushed to the

polar bodies rather than the egg nucleus (Lande & Wilkinson, 1999; John et al.,

2016).

The ultimate consequence of recombination suppression by an inversion is the accu-

mulation of different mutations within each rearranged segment, which can no longer

undergo recombination. This leads to a separate evolution and divergence between

the chromosomes that present each orientation, creating new allelic combinations.

These two chromosomal orientations can sometimes maintain together advantageous

combinations of alleles and promote the accumulation of adaptive mutations within

the inverted region, which can increase the frequency of the inverted allele in the

population (Puig, Casillas, et al., 2015). The presence of large inversions, which

inhibit recombination in large blocks, can lead to "supergenes", which can promote

complex phenotypes, environmental adaptation, and speciation (Schwander et al.,

2014). An example of this is the evolution of mammalian sex chromosomes. In this

case, a series of inversions occurred to prevent recombination between the proto-sex

chromosomes, allowing the emergence of distinct sex-determining alleles (Bachtrog,

2013; Schwander et al., 2014). Now, as a direct consequence of the suppression

of recombination, we will talk in more detail about "supergenes" and the role of

inversions in complex phenotypes and local adaptation.
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Figure 1.3: Paracentric (left) and pericentric (right) inversions and their
effect on recombination. In individuals heterozygote for an inversion the chro-
mosomes form an inversion loop to allow proper pairing between homologous regions
with opposite orientations during recombination. Crossovers within this loop (red
cross) can generate multiple types of gametes, depending on the position of the in-
version relative to the centromere and the location of the crossover event. In the
figure, the two chromosome orientations are shown in yellow and blue. Letters rep-
resent the sequence order, and dots indicate the centromeres of the corresponding
chromosomes.

Complex phenotypes and local adaptation

Inversions in some species can span several megabases of length affecting multi-

ple genes. By limiting recombination, inversions can promote the emergence of
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"supergenes", which are defined as a group of two or more tight clusters of loci

under balanced selection, that control complex phenotypes, such as developmen-

tal or behavioural characters, and are inherited as a unit due to their location in

a non-recombining region (Schwander et al., 2014; Thompson & Jiggins, 2014).

The presence of these supergenes has significant evidence in multiple species, at-

tributed to mating systems, social behaviour, and climate adaptation (Wellenreuther

& Bernatchez, 2018). Over evolutionary timescales, supergenes can contribute to re-

productive isolation and even speciation. The ability of inversions to preserve large

haplotype blocks underlies their role in supergene formation and, in some cases, in

the creation of supergene complexes (Hoffmann & Rieseberg, 2008; Wellenreuther &

Bernatchez, 2018). The concept of supergenes was first proposed in 1930 to explain

Batesian mimicry in butterflies, where gradual adaptation through multiple small

changes, rather than a single mutation of large effect, was required. It was suggested

that several genes, with LD within a non-recombining region, jointly controlled this

trait. However, it was not until 1949 that Darlington and Mather formally intro-

duced the term supergene (Thompson & Jiggins, 2014; Gutiérrez-Valencia et al.,

2021).

Among species, there are multiple examples of supergenes, starting from Batesian

mimicry in butterflies already mentioned. Batesian mimicry is a protection mech-

anism that consists in the exhibition of specific traits such as wing patterns, body

colour, or hindwing tails, to mimic toxic species. In the case of males of Papilio

polytes, males never present this mimicry while females can exhibit the mimetic or

non-mimetic pattern (Schwander et al., 2014; Gutiérrez-Valencia et al., 2021). In re-

cent studies, two differentiated haplotypes, called H and h, were associated with the

mimetic and non-mimetic forms. The haplotypes contain a region of 130 kb located

on chromosome 25 that includes the double sex gene (dsx), a key gene in insect sex-

ual dimorphism. These haplotypes are distinguished by the presence of an inversion.

Another example of supergenes induced by inversions includes the region of locus

P in Heliconius numata, which also has effects on Batesian mimicry (Gutiérrez-

Valencia et al., 2021; Komata et al., 2022). Inversion-derived supergenes are not

restricted to insects. In birds, for example, the white-throated sparrow (Zonotrichia
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albicollis) exhibits two plumage morphs associated with distinct reproductive be-

haviours. The morphs, known as white-striped and tan-striped, differ in mating

strategies: white males tend to be more promiscuous and invest in securing multiple

mates, whereas tan males are typically monogamous and provide greater paternal

care (Tuttle et al., 2016). These behavioural and morphological differences are con-

trolled by a supergene located on chromosome 2, which presents two chromosomal

configurations (ZAL2m and ZAL2), which differ by the presence of two large inver-

sions. Tan-striped individuals are homozygous (ZAL2/ZAL2), while white-striped

ones are predominantly heterozygous (ZAL2/ZAL2m). These two configurations

are maintained polymorphic due to a near-obligate mating between tan and white

morphs (disassortative mating) (Tuttle et al., 2016; Maney et al., 2020).

In the case of humans, there are two main candidates to act as supergenes. The first

is the 8p23.1 region that has a size of 4.2 Mb and is associated with an inversion

mediated by two large blocks of SDs called REPP (proximal) and REPD (distal).

The region contains multiple genes that vary in copy number, such as defensins or

FAM90A (Bosch et al., 2009; Campoy et al., 2022). The region has shown low LD

with nearby variants in most populations, excluding Europeans, suggesting the pres-

ence of double crossovers in the central regions of the inversion. The 8p23.1 region

has been linked to several phenotypes and differences in gene expression. Reference

orientation (O1) has been associated with an increase in the risk of systemic lupus

erythematosus (SLE). Inverted orientation (O2) has been associated with increased

risky behaviour, a reduction in hypertension and obesity, protection of Barrett’s oe-

sophagus inflammation, an increased risk of autoimmune thyroid disease and lower

levels of liver enzymes (González et al., 2020; Campoy et al., 2022) (Figure 1.4-A).

The second case is the 17q21.31 region, which spans 900 kb and is also flanked by

complex blocks of SDs. Unlike the 8p23.1 region, this region presents a high LD,

originating two clearly divergent haplotypes, the reference orientation (H1) and the

inverted one (H2) which do not present recombination between them (Stefansson

et al., 2005; Campoy et al., 2022). Furthermore, in addition to the small multi-

ple variants found between H1 and H2, the inversion BPs of the 17q21.31 region

present three different CNVs that affect genes. Each of the orientations of this re-



1.3. Functional consequences 21

gion also shows association with multiple phenotypic traits: the H2 haplotype shows

protective effects against certain neurodegenerative disorders, changes in cell blood

composition, reduction of some parameters of lung function, increased risk of cancer

and autoimmune diseases, and affects numerous physiological and behavioural traits.

In addition, it has been associated with increased fertility in women, showing a pos-

itive selection in the Icelandic population, which is also reflected by the increased

frequency of this inversion in Europeans (Stefansson et al., 2005). In the study

of this region, multiple SNPs affect genes such as CRHR1, KANSL1, MAPT and

SPPL2C, which could explain some of the observed phenotypic traits. The 17q21.31

region is one of the clearest examples of a human supergene (Campoy et al., 2022)

(Figure 1.4-B).

A well-studied example is the 3RP inversion in Drosophila melanogaster, which ex-

hibits consistent latitudinal clines across continents that parallel climatic gradients.

This inversion has been associated with variation in body size, as well as traits re-

lated to thermal resistance (Anderson et al., 2005). Inversion clines can also be found

in other species such as Anopheles, seaweed fly (Coelopa frigida) and maize (Zea

mays) (Fang et al., 2012; Ayala et al., 2017; Wellenreuther et al., 2017). Sometimes

inversions can also act as an adaptive response to environmental changes, such as the

case of inversion frequency changes caused by increased temperature due to climate

change, reported in Drosophila suboscura (Balanyá et al., 2006; Rodríguez-Trelles

& Tarrío, 2024). These adaptation mechanisms can, over time, lead to reproductive

barriers that can ultimately result in speciation. Some examples of this are the

speciation of Noccaea caerulescens with the union of pre-existing metal homeostasis

genes (Mandáková et al., 2015; Huang & Rieseberg, 2020), the flowering differences

generated in Boechera stricta (Lee et al., 2017) and differences in flowering time and

growth-related traits in yellow monkeyflower (Mimulus guttatus) (Lowry & Willis,

2010).

In humans, some inversions also show signs of selection, including the 17q21.31 men-

tioned above. Sometimes, this selection could result in significant AF differences

between populations based on Fixation index (FST) statistics, which are observed in
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Figure 1.4: Genomic structure of two human inversion supergenes. (A) The
8p23.1 inversion region. The proximal (REPP) and distal (REPD) repeat blocks in
orientation O1 are represented as light green rectangles. Protein-coding genes are
shown as grey arrows, non-coding genes as black arrows, and β-defensin clusters as
light blue boxes. (B) The 17q21.31 region containing the inversion that gives rise
to the H1 and H2 haplotypes. At the BPs there are variable, complex segmental
duplications (SDs) blocks of 200–800 kb indicated in different colours. Partial blocks
are shown in lighter shades. The α, β and γ blocks correspond to copy number
variants. Protein-coding genes (grey), non-coding genes (black), and pseudogenes
(white) are represented as arrows below each orientation. The duplication of the
first KANSL1 exons and two pseudogenes is shown as small orange boxes. Figure
adapted from (Campoy et al., 2022)

HsInv0040, HsInv0389 and HsInv0059 (the notation "HsInv" used throughout this

thesis comes from the INVersion Functional & Evolutionary STudies (InvFEST)

(https://invfestdb.researchmar.net), in European, African and East Asian popula-

tions, respectively (Vicente-Salvador et al., 2017; Giner-Delgado et al., 2019). This

population difference can also be observed in the 16p11.2 inversion, which is more

frequent in Northern Europe (González et al., 2014a; Kosuthova & Solc, 2023). In

addition, the use of frequency spectrum of linked sites (LSFS) allowed the identi-

fication of positive selection signs in HsInv0006 and HsInv0031, while also showing

balancing selection in HsInv0201 (Giner-Delgado et al., 2019). All of these examples

https://invfestdb.researchmar.net
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give us some clues about the importance of inversions in evolution.

1.3.2 Direct effects

Inversions can not only cause phenotypic effects by the accumulation of changes

within the non-recombining inverted sequence, but can also have multiple direct

effects, especially when one or both of their BPs disrupt coding or regulatory se-

quences, contributing to gene dysfunction, or modify gene expression by changing

the position of genes or regulatory elements. For that reason, accurately identifying

inversions and their genomic context is essential to infer their potential functional

and phenotypic effects. Inversions can also cause disease directly, including de novo

events in individual patients, as well as recurrent rearrangements observed in un-

related cases that can affect gene structure or regulation. Furthermore, inversions

can facilitate the formation of novel rearrangements such as copy number changes

and translocations (Sharp et al., 2006). Although there are some large inversions in

humans, many lack associations with phenotypic effects (Puig, Casillas, et al., 2015).

In the next paragraphs, some of the direct effects of inversions will be commented

on in more detail, and some examples will be provided.

Inversions causing diseases

One of the most known cases of disease caused by inversion is haemophilia A, which

is a coagulopathy in which 45% of severe cases are a consequence of genetic de-

ficiency in clotting factor VIII (encoded by the F8 gene) located on chromosome

X. This mutation is caused by an inversion generated by NAHR mechanisms. In

this case, three repeat sequences of 9.5 kb (called int22h) located close to or within

the factor VIII gene are responsible for the crossing-over (Antonarakis et al., 1995;

Gouw et al., 2012; Puig, Casillas, et al., 2015; Berntorp et al., 2021). In the reference

genome (GRCh38), one copy is located inside intron 22 of that gene (int22h-1), and

the other two are located 565 kb away (closer to the telomere), being int22h-2 in di-

rect orientation and int22h-3 in reverse orientation with respect to int22h-1 (Lakich

et al., 1993; Bagnall et al., 2005; Turner et al., 2006). Repetitive sequences can lead

to mispairing and generation of an inversion that disrupts the F8 gene, splitting it



24 Chapter 1. Introduction

into two parts, one containing the promoter with exons 1 to 22 and the other con-

taining exons 23 to 26. The presence of 40-kb IRs in opposite orientations flanking

int22h-2 and int22h-3 generates a polymorphic inversion known as HsInv0608. Each

orientation results in a distinct genomic structure, which can both lead to a disrup-

tion of the factor VIII gene. In the reference genome, int22h-3 is inverted relative to

int22h-1, whereas in the alternative orientation created by HsInv0608, it is int22h-

2 that is inverted relative to int22h-1. Then the inversion causing haemophilia A

can be generated by the interchange of int22h-1 and int22h-3 (inversion type 1) or

by int22h-1 and int22h-2 (inversion type 2), depending on the status of HsInv0608

(Bagnall et al., 2005; Turner et al., 2006).

In the same region, an additional inversion was also found that could be the expla-

nation of between 2-5% of severe cases of haemophilia A. This inversion is produced

by recombination of another repeat with a copy in intron 1 of the F8 gene (called

int1h-1) and another located 125 kb upstream (called int1h-2), resulting in the gen-

eration of hybrid transcripts between the F8 gene and the VBP1 gene (Bagnall

et al., 2002; Gouw et al., 2012; Oldenburg et al., 2014; Puig, Casillas, et al., 2015).

Another disease caused by an inversion in chromosome X is Hunter syndrome, which

is also known as mucopolysaccharidosis type II. This is a rare disease caused by the

deficiency of the lysosomal enzyme iduronate 2-sulfatase (encoded by the IDS gene),

which is involved in the catabolism of glycosaminoglycans. The disruption of the IDS

gene generates the accumulation of glycosaminoglycans in body tissues. In Hunter

syndrome, the inversion is generated by a NAHR inversion between the IDS gene

and a nearby pseudogene called IDS2, generating a disruption in intron 7 of the IDS

gene. This inversion is found in 13% of the patients (Bondeson et al., 1995; Puig,

Casillas, et al., 2015). In addition, inversions have also been linked to the disruption

of coding genes and the creation of fusion genes related to prognosis in cancer in

several unrelated patients (Soda et al., 2007; Gruber et al., 2012; Puig, Casillas,

et al., 2015). Despite clear examples of inversions that directly cause disease, many

conditions or traits are complex and are influenced by multiple loci, as well as

environmental factors. In such cases, the impact of individual variants is more
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moderate, and inversions are studied in terms of their association with the trait

rather than as the sole causal agents.

Inversions associated with traits and diseases

Within the pool of inversions that have been identified in humans, associations with

phenotypes have been determined using GWAS information, since in some cases

inversion alleles can be predicted from nucleotide variation data. Some examples

were already mentioned, including the 17q21.31 (Stefansson et al., 2005) and 8p23.1

(Salm et al., 2012) inversions. Other cases include inversion HsInv0031 that has

been associated with GWAS signals for the risk of Alzheimer’s disease, as well as

lower levels of FAM92B expression in the cerebellum (Giner-Delgado et al., 2019)

or 16p11.2 (HsInv0786) that displays associations with diseases such as asthma,

obesity, paediatric autoimmune diseases, and the presence of autoantibodies with

type 1 diabetes (González et al., 2014a; Puig et al., 2020).

As we mentioned, some inversions disrupt protein-coding genes. That is the case of

HsInv0379. This inversion of 415 kb is found on chromosome 19 and it has been

reported that the second breakpoint of the inversion, located in an intron, disrupts

the protein-coding gene ZNF257, which encodes a transcription factor. This gene

presents two main transcripts which differ by the presence of an extra non-coding

second exon. In this case, inversion removes the first two exons and the promoter,

which is confirmed by the lack of expression of the gene in individuals carrying

both inverted alleles and the decrease in expression in heterozygotes. In addition, a

fusion transcript was detected at breakpoint 1, which could alter gene expression and

potentially have functional consequences. This inversion is found almost exclusively

in individuals of East Asian ancestry, with a mean frequency of 5% (Puig, Castellano,

et al., 2015). In addition, one of the SNPs associated with this inversion was found

to be associated with type 2 diabetes in East Asian individuals (Spracklen et al.,

2020).

In some cases, inversions can affect two genes placed at each breakpoint. This can

happen in NAHR inversions with genes within IRs that recombine and exchange se-
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Figure 1.5: Inversions associated with diseases and functional effects. (A)
Rearrangements within the inversion region related to Haemophilia A. Within the
Factor VIII gene (shown in blue) lies a repeated sequence, int22h-1 (in yellow). This
sequence can undergo recombination with either of two homologous repeats, int22h-
2 or int22h-3, located approximately 550 kb away. Such recombination separates
exons 1–22 and the promoter region from exons 23–26 of the Factor VIII gene. (B)
Reference structure of the 16p11.2 region in GRCh38. The 16p11.2 region contains
multiple sequences with high similarity, represented by arrows of the same color.
Some of these repetitive sequences include genes; genes from the same family are
shown in the same color, whereas unique genes are shown in grey. The high sequence
identity across this region suggests a potential for multiple rearrangements, and the
presence of genes within these repeats may help explain associations reported in
GWAS hits involving 16p11.2.

quences between them when inversion occurs. The effect produced by this exchange

will depend on the final transcripts created; if the genes have enough differences, a

hybrid transcript will be created and the expression or function can be affected. An

example of this is HsInv0030, which is an inversion of 16 kb located on chromosome

16 between two inverted SDs containing the two chymotrypsinogen precursor genes

CTRB1 and CTRB2. When inversion occurs, an exchange of promoter, exon 1, and

part of intron 1 is produced between CTRB1 and CTRB2 (Pang et al., 2013; Puig,

Casillas, et al., 2015; Giner-Delgado et al., 2019). This inversion has been associated

with changes in the expression ratio of the CTRB1 -CTRB2 isoforms, affecting the

protective capacity to degradation of trypsinogen and, ultimately, being associated
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with an increased risk of pancreatitis in inverted carriers (Rosendahl et al., 2018;

Seltsam et al., 2020). In addition, HsInv0030 shows several GWAS signals involv-

ing type 1 and 2 diabetes, pancreatic cancer, insulin secretion, and cholesterol and

triglyceride levels (Giner-Delgado et al., 2019). In the study of this region, a 585 bp

deletion was also found that affects 6% of the inverted alleles, eliminating exon 6

of CTRB2 (Puig, Casillas, et al., 2015), but no association has been found for this

variant (Lerga Jaso, 2020).

There are other cases in which inversions alter the gene structure, for example

when the BPs of the inversion are found within the same gene. An example of this

is HsInv0102, which inverts a non-coding exon of an RHOH isoform eliminating

it from the transcript. However, this effect is masked by the presence of a lead

expression Quantitative Trait Loci (eQTL) that acts in the same direction. For

that reason, more studies on the expression difference between isoforms are needed

to unravel the potential functional effect of some inversions (Puig, Casillas, et al.,

2015; Giner-Delgado et al., 2019). Other examples found are HsInv0201 in which an

associated deletion removes an exon of SPINK14, HsInv0340 in which the long non-

coding RNA LINC00395 is disrupted, HsInv1051 which breaks CCDC144B gene and

creates a new fusion transcript with new sequences at 3′, and HsInv0124 in which

an alternative IFITM2 isoform is disrupted (Giner-Delgado et al., 2019). Despite

the multiple effects found in inversions, their associations with a phenotypic trait

are largely unknown due to the limited number of inversions and individuals that

can be studied due to their challenging genotyping.

Position effect

In addition to the effects of inversions on genes or regulatory regions, inversions can

influence expression without a direct mutation on the gene sequence, produced by

a change in the position of a gene relative to its original chromosomal environment.

That effect is called the "position effect" and was coined in the early twentieth

century. This kind of effect should not cause alteration in the transcription unit

and the minimal promoter of the rearranged gene (Kleinjan & van Heyningen, 1998;
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Chen & Zhang, 2016). Based on this definition, inversions by their own nature can

be drivers of this effect due to the change in position and orientation of genes.

There are multiple situations that can explain the change in expression caused by

the placement of a gene with respect to their environment. The first case is the

separation of a gene from its regulatory elements, which removes the effect of these

regulators on the gene. Depending on the regulatory element, the effect on expres-

sion can change. On the one hand, if the inverted allele causes a displacement from

an enhancer, a reduction in gene transcription can be produced. However, if the

affected element is a silencer, the inversion can cause inappropriate gene activation

in certain tissues or cell types. The second case could occur when a gene is placed

under the control of regulatory elements of another gene, which can cause an increase

in its expression. In addition, a change in expression could be caused by competi-

tion for the interaction between both genes and regulatory elements (Kleinjan & van

Heyningen, 1998). An example of the effects caused by this kind of position effect

would be the one shown in a translocation in Burkitt lymphoma, which places the

c-MYC gene under the control of an immunoglobulin enhancer, activating c-MYC

(Kleinjan & van Heyningen, 1998; Boerma et al., 2009). Finally, inversions can

produce a change in expression by position effect variegation (PEV), which is the

alteration of gene expression caused by changes in local chromatin structure, either

by locating genes from euchromatic regions to heterochromatic regions or vice versa

(Kleinjan & van Heyningen, 1998). A known example can be found in Drosophila

in which the white gene (w) located at the distal tip of the X chromosome is located

next to the pericentric heterochromatin by an inversion called white-mottled-4. At

the molecular level, promoter methylation is produced, generating a reduction in

gene expression. Mutants of this variation have red and white tissue patches in the

eye, while the wild type has a red eye phenotype (Vogel et al., 2009).

Position effects can also have effects on the tridimensional structure of the genome,

affecting topologically associated domains (TADs), which can be defined as chro-

matin segments with a high intra-domain frequency of chromatin contact (Dixon

et al., 2012; Rajderkar et al., 2023; Pande et al., 2025). TADs define neighbour-
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hoods of chromatin often flanked by CCCTC-binding factor (CTCF) sites in which

regulatory sequences can interact with genes within TADs while at the same time

interaction with genes outside of those TADs is prevented. SVs have been proposed

to disrupt the boundaries of TADs, causing expression changes in some human dis-

eases (Lupiáñez et al., 2015; Flavahan et al., 2016; Franke et al., 2016; Hnisz et al.,

2016; Kraft et al., 2019). An illustrative example of the impact of rearrangements

on TADs is provided by the study by Kraft et al. (2019), who induced a series of

inversions at the Epha4 locus in mice (Lupiáñez et al., 2015). This locus has previ-

ously been reported to be susceptible to genomic rearrangements causing limb and

craniofacial malformations. In their experiment, inversions disrupted the normal

TAD configuration, leading to ectopic gene activation and resulting in congenital

malformations such as severe polydactyly (Kraft et al., 2019). In conclusion, inver-

sions that are not modifying gene sequences are not necessarily functionally neutral;

when an inversion encompasses a non-coding segment it can modify the regulatory

machinery through the position effect. However, until now position effects have not

been demonstrated for any polymorphic inversion in humans.

Inversions predispose to other rearrangements

Another consequence of inversions can be the increase in the predisposition to gener-

ate further rearrangements that can lead to diseases. Sometimes, inversions present

large and highly identical IRs that can act as drivers for the generation of these sec-

ondary rearrangements. Often these rearrangements are CNVs (such as microdele-

tions and microduplications) with phenotypical effects. In these situations, inver-

sions can act by changing the orientation of a repetitive element and increasing the

length of repeats in direct orientation (that can generate duplications and deletions

through errors in recombination) (Sharp et al., 2006; Feuk, 2010; Puig, Casillas,

et al., 2015; Porubsky et al., 2022). This effect can be observed in parents of indi-

viduals affected by genomic syndromes that tend to have higher frequencies of the

inverted allele compared to the general population (Puig, Casillas, et al., 2015). In

2022, Porubsky and collaborators found a significant co-localisation between morbid

CNVs, associated with paediatric developmental delay and neuropsychiatric disor-
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ders, and inversions. In addition, this association shows an enrichment of 5-fold

for recurrent inversions, suggesting a clear relationship between inversion recurrence

and morbid CNVs (Porubsky et al., 2022).

Among known polymorphic inversions, several cases have been associated with sec-

ondary rearrangements in humans. One of the classic examples is the already men-

tioned 17q21.31 inversion, which presents two main haplotypes H1 and H2 that

do not recombine between them. Inside these main groups, there are several sub-

haplotypes that present copy number variable regions. One of those is H2D (H2α2γ2)

that has two duplications of 150 kb in direct orientation, which has been associated

with a predisposition to deletion of the entire region that encompasses multiple

genes, including MAPT, KANSL1, SPPL2C, STH, and CRHR1. This deletion can

affect 500 to 650 kb and is generated through NAHR mechanisms involving IRs

in direct orientation (Steinberg et al., 2012; Campoy et al., 2022). The result of

these deletions is the Koolen-de Vries syndrome (KdVS) (also known as 17q21.31

microdeletion syndrome), which is characterised by developmental delay, intellectual

disability, hypotonia, epilepsy, congenital malformations, and recognisable facial fea-

tures (Koolen et al., 2006; Boettger et al., 2012; Puig, Casillas, et al., 2015; Koolen

et al., 2016). Almost all 17q21.31 microdeletion syndrome cases reported belong to

patients of European ancestry (Mefford et al., 2009; Cooper et al., 2011), which is

explained by the fact that the H2D haplotype has a higher frequency in the Euro-

pean population (∼ 20%) compared to Asian and African populations in which it

is a rare haplotype (Boettger et al., 2012). In addition, all parents of affected indi-

viduals present the inverted allele, which is a higher frequency than 20% observed

in the European normal population (Koolen et al., 2008).

Another relevant example of secondary rearrangements associated with diseases is

the deletion of the chromosome region 7q11.23, which includes 28 genes in a 1.5-1.8

Mb region. The consequence of this deletion is Williams-Beuren syndrome, which

is a rare disease characterised by mental retardation, vascular stenosis, visual prob-

lems, over-friendliness, short stature, and specific facial characteristics (Osborne &

Mervis, 2007; Merla et al., 2010). The 7q11.23 region presents a known polymorphic
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inversion flanked by IRs generated by NAHR mechanisms. As before, the parents

of affected individuals are more frequently carriers of the inverted allele (25%) than

the general population (5%) (Bayés et al., 2003; Hobart et al., 2010; Lühmann et al.,

2023). In the cases mentioned above, it is assumed that the origin of the disease is

the haploinsufficiency of the gene contained in the removed region.

The final examples are Angelman syndrome and Sotos syndrome. The former in-

volves a 4-Mb deletion of maternal origin and an inversion located in the region

15q11-q13. In this case, the inversion shows a frequency of 67% in parents com-

pared to 9% in the general population (Gimelli et al., 2003; Puig, Casillas, et al.,

2015). The latter, Sotos syndrome, involves a deletion derived from the paternal

chromosome in the 5q35 region, where all fathers were heterozygous for an inversion

at this locus (Visser et al., 2005). In contrast to the other cases, the 3q29 microdele-

tion syndrome, which is caused by a deletion of ∼ 1.6 Mb in chromosome 3, presents

a polymorphic inversion that seems to play a protective role against microdeletion

(Ballif et al., 2008; Porubsky et al., 2022). Despite all the cases explained, not

all secondary rearrangements are deletions, there are also cases in which inversions

promote translocations. This is the case of a region on chromosome Y that presents

an inversion of 4 Mb that predisposes to the a translocation between the PRKX

and PRKY genes located on chromosomes X and Y, respectively. Sex reversal and

infertility issues are related to translocation (Jobling et al., 1998).

All the effects we have identified throughout the previous sections highlight the im-

portance of continuing to study inversions. Despite the many cases described above,

human inversions remain, to a large extent, a mystery. The knowledge we have to-

day has only been possible due to significant efforts devoted to the detection of these

variants and the genotyping of individuals. However, much of the existing research

has focused on inversions that are not flanked by SDs, as these are generally easier

to detect and characterise. In contrast, SD-mediated inversions remain challenging

to resolve due to the high sequence similarity and complex genomic architecture of

these regions, and their functional consequences are still poorly understood. Ulti-

mately, to uncover the functional impact of inversions, it is necessary first to detect
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and genotype them. In the following section, we examine how the techniques devel-

oped for this purpose have evolved.

1.4 Inversion detection

Now we go back to the beginnings of this text, remembering and amplifying what

was commented on SVs detection, but pointing directly to the case of inversions

with their particularities. As mentioned above, inversions were detected initially

using cytogenetic techniques such as G-band karyotyping, fluorescence in situ hy-

bridisation (FISH), Southern blot hybridisation or pulsed field gel electrophoresis.

However, these techniques only allow for the detection of large SVs (3 Mb) and have

limited power to perform large-scale studies (Aguado et al., 2014; Puig, Casillas,

et al., 2015; Durmaz et al., 2015; Porubsky & Eichler, 2024). In the early 2000s,

bacterial artificial chromosome (BAC)-based, oligonucleotide, and SNPs-based mi-

croarrays were widely used to detect SVs, allowing the identification of variants not

visible at the karyotype level and observing that SVs represent a higher amount

of genetic variation in phenotypically normal individuals than previously thought.

Due to these techniques, hundreds of variants were described for the first time, but

inversions have lagged behind due to their balanced nature and association with IRs

(Feuk, 2010; Escaramís et al., 2015; Porubsky & Eichler, 2024). Advancements in

inversion detection were achieved with the use of sequencing methods, which facili-

tated comparison among independently assembled genomes, enabling identification

of inverted segments between assemblies. This approach was also used to compare

sequences between humans and primates, to find variants between species, and to

reveal the evolution of inversions along lineages (Feuk et al., 2005; Levy et al., 2007;

Ventura et al., 2007; Puig, Casillas, et al., 2015). However, this methodology was

considerably expensive, not only because it required sequencing the entire genome,

but also due to complications introduced by SD-mediated inversions, which hinder

accurate reconstruction through genome assembly. Improvements in both SVs de-

tection algorithms and NGS technologies were required to allow a more accurate

identification of inversions between samples and populations, thus paving the way
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for new studies to uncover the functional and evolutionary functions of inversions.

However, the key innovation came with paired-end sequencing and mapping (PEM),

which enabled a substantial improvement in the detection of all forms of SVs, be-

coming the major advance in the identification of inversions (Kidd et al., 2008; Feuk,

2010; Puig, Casillas, et al., 2015). This methodology consists of the following: For

a given sample, the two ends of a DNA segment with a known size are sequenced.

The resulting reads are mapped against a reference genome. The expected result

is that the two resulting sequences map in the reference genome with a distance

approximately of the fragment size and in positive and negative orientation, respec-

tively. However, if an inversion is present, the end sequences of fragments that span

the BPs of the inversion will exhibit a positive/positive or negative/negative strand

with respect to the reference genome and also a difference in the expected distance

between them. One consideration to take into account is the fact that when the

two end sequences are located inside the inversion, this pattern is lost. Then, by

searching for the read clusters that show this grouping of patterns, it is possible

to identify inversion BPs (Feuk, 2010; Escaramís et al., 2015; Puig, Casillas, et al.,

2015). Moreover, when discordant paired reads show differences in the distance be-

tween them, it suggests the presence of deletions or insertions, while if the paired

reads map in different chromosomes, it could be indicative of translocations. PEM

was applied for the first time in fosmid clones using traditional Sanger sequencing,

identifying 56 inversion BPs in a library of a single human genome (Tuzun et al.,

2005; Feuk, 2010). Later, the same methodology was applied to eight samples, de-

tecting 217 inversions (Kidd et al., 2008; Feuk, 2010). PEM was later adapted to use

NGS platforms in the sequencing of paired-end fragments (Korbel et al., 2007; Ahn

et al., 2009). De novo genome assembly, split reads or read depth became other tech-

niques that were used in combination with PEM (Sudmant et al., 2015; Hehir-Kwa

et al., 2016; Abel et al., 2020; Collins et al., 2020). Despite the remarkable success

of PEM in detecting SVs, several limitations remain. Complex genomes, such as

the human genome, which contain extensive repetitive regions can hinder accurate

assembly. This challenge becomes particularly critical when paired-end reads are

mapped onto a reference genome that itself may contain misassembled regions. In
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these circumstances, repetitive sequences often lead to spurious SVs (Aguado et al.,

2014; Puig, Casillas, et al., 2015; Vicente-Salvador et al., 2017). In addition, inver-

sions mediated by IRs frequently generate false positive inversion calls, mainly due

to difficulties in assigning unique read placements near the BPs. Estimates indicate

that more than 80% of inversions flanked by SDs, and between 5 and 50% of those

flanked by repetitive elements remain undetected by PEM (Lledó & Cáceres, 2013).

In general, typical short reads produced by NGS, would be missing more than 70%

of human SVs (Logsdon et al., 2020). Moreover, the size of the fosmids used lim-

its the detection of variants within large IRs, and regions containing multiple SVs

produce complex patterns that are extremely difficult to resolve with PEM. Con-

sequently, these technical constraints substantially limit the spectrum of variants

that can be reliably detected using this approach. The other main problem with

the use of this technology is that it usually requires to perform targeted validations

using independent methods. Although PEM can detect regions with discordant read

mappings, it does not precisely define the exact location of BPs, nor the sequence

changes produced by the variant. Consequently, targeted experimental validations,

most commonly using PCR-based techniques are necessary for this validation and

also for genotyping at the population level.

In recent years, new techniques have been developed that have revolutionised SVs

detection and genotyping, enabling the identification of a greater number of variants

with greater reliability. These methods include optical mapping, Single-cell template

strand sequencing (Strand-seq), and long-read sequencing technologies. Although

we will discuss all of them later, we first introduce some experimental approaches

used for the validation and large-scale genotyping of inversions.

1.4.1 Inversion validation

As mentioned, PEM and other detection techniques were able to identify candidate

regions that potentially contained SVs, and in particular inversions. However, some

of these proved to be false positives, either because of the complexity of the human

genome or because of limitations in the reference genome used for comparison.
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The first method used to validate PEM inversion predictions, and also one of the

methods used at the beginning of our story, is FISH. FISH is a cytogenetic technique

consisting of the use of fluorescent probes designed to hybridize to complementarily

specific genomic regions. When a candidate inversion is found, two or three probes

are labelled with different colours, which are located outside and inside the inversion.

Through the analysis of the distance and order of the probes, the orientation of the

inversion region can be determined. However, FISH is restricted to large regions,

and its application to the simultaneous analysis of many samples and inversions has

become a major limitation (Kallioniemi et al., 1992; Antonacci et al., 2009; Bosch

et al., 2009; Hobart et al., 2010; Sheen et al., 2011; Nomura et al., 2018). Southern-

blot hybridisation (Small et al., 1997) and pulsed-field gel electrophoresis (Osborne

et al., 2001) have also been used for the validation of inversions. However, both

methods face limitations in scalability, making them unsuitable for population-scale

studies or large cohorts, which are necessary to perform association analyses.

The other main approach used for inversion validation and genotyping is PCR-

based. This technique relies on primers designed at both sides of a breakpoint

to produce orientation-specific amplicons that allow us to determine whether an

individual carries the normal or inverted orientation (or both) in their chromosomes

(Feuk et al., 2005; Korbel et al., 2007; Pang et al., 2013). However, traditional

PCR is capable of generating amplicons of a few kb in maximum size, preventing

the analysis of inversion BPs with large repeats (Shagin et al., 1999; Aguado et al.,

2014). To solve this problem, variations were introduced in the PCR protocols,

especially to improve the genotyping of inversions with SDs at inversion BPs.

For instance, inverse PCR (iPCR), which includes steps prior to amplification of

DNA. In iPCR, the first step consists in the digestion of DNA using restriction en-

zymes and the self-ligaton of the generated fragments to create circular molecules.

The junction site is then amplified with primers located on both sides, avoiding

amplification throughout the breakpoint. This method has been used for the geno-

typing of the inversion that affects factor VIII that causes haemophilia A and also

for the validation of multiple polymorphic inversions (Rossetti et al., 2005; Aguado
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et al., 2014; Puig, Casillas, et al., 2015; Vicente-Salvador et al., 2017). Other vari-

ations used in inversion genotyping include long-range PCR and haplotype-fusion

PCR (Turner et al., 2006, 2008).Another variation of PCR is digital droplet PCR

(ddPCR), which has shown excellent performance in the genotyping of inversions

with long repeats at their BPs. It detects the linkage between amplicons located

on both sides of the IRs that contain the inversion BPs, allowing the identification

of rearranged orientations over long genomic distances (Puig et al., 2020). These

methods allow for the genotyping of inversions in a relatively large number of sam-

ples. In some cases multiple inversions can be genotyped at the same time using

techniques such as multiplex ligation-dependent probe amplification (MLPA) or in-

verse MLPA (iMLPA) combining iPCR and MLPA detection, which allow the use of

multiple primers to genotype multiple inversions in a single experiment (Schouten

et al., 2002; Giner-Delgado et al., 2019). Despite their strong performance, all these

experimental approaches have technique-specific requirements: iPCR depends on

the presence of restriction sites in particular positions, ddPCR requires sufficiently

large inversions or specific restriction sites, and MLPA/ iMLPA requires simple and

well-annotated BPs. Consequently, not all inversions can be analysed using any

single method, and some, particularly those with extremely long IRs (>100 kb) or

those that cannot be resolved by digestion of restriction enzymes, cannot be accu-

rately validated or genotyped using these experimental methods (Puig et al., 2020).

Moreover, the number of samples that can be studied using these experimental ap-

proaches is limited, so multiple bioinformatic methodologies have been designed to

complement or substitute experimental methods.

Most bioinformatic approaches are based on the presence of other variants in strong

LD with inversions. An example is the use of tagSNPs, whose detection requires

inversion genotypes for multiple samples. In this case SNPs with alleles in high

LD with inversion alleles can be used as a proxy to infer the inversion status in

additional samples (Steinberg et al., 2012). The main limitation of this methodology

arises from inversions mediated by SDs. The recurrent nature of these inversions —

appearing multiple times on different sequence backgrounds — often results in low

LD with the surrounding variants. Consequently, many SNPs are shared between
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chromosomes that carry the inversion and those without it, so there are no tagSNPs

(Vicente-Salvador et al., 2017; Giner-Delgado et al., 2019). Other methodologies

are based on imputation, which consists in inferring the inversion state from the

information of surrounding SNPs. This is the case for tools such as IMPUTE2 and

IMPUTE5, which compare the SNP haplotypes of an unknown sample with those in

a known reference panel to identify the most similar haplotypes, thus attributing the

corresponding inversion status. The difference between these two tools is that one

uses the hidden Markov model (HMM) (IMPUTE2) and the other uses the positional

Burrows–Wheeler Transform (PBWT) model (Howie et al., 2009; Rubinacci et al.,

2020). Moreover, in the case of inversion identification and genotyping, specific

software to call variants has been designed based on the detection of signatures in

nucleotide variation patterns, such as PFIDO, invClust or scoreInvHap (Bansal et

al., 2007; Sindi & Raphael, 2010; Cáceres & González, 2015; Ruiz-Arenas et al.,

2019; Balagué-Dobón et al., 2022). The main limitation of these programmes is the

reliability of the genotypes obtained, especially in inversions mediated by SDs that

are probably not captured by any combination of linked genetic variants.

The combination of these experimental and bioinformatic methods has made possible

the study of specific inversions and the determination of their worldwide distribution,

their frequencies in different populations, and, in some cases, their association with

functional consequences. It is important to note that without reliable techniques

to identify inversions and obtain accurate genotypes, which are the first steps, the

study of the effects of inversions would not be feasible. However, the new approaches

discussed below open a new chapter in this field and promise to finally discover how

many common inversions exist, their size distribution, and the degree to which

inversions are linked to human diseases (Puig, Casillas, et al., 2015).

1.4.2 New methodologies

In this section, we will discuss new technologies that emerge and show promising

results in the identification and genotyping of inversions. In addition, new software

will also be discussed to include callers for SVs, new assembly methodologies, and
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new reference approaches. We will start by explaining experimental methodologies.

Optical maps

Although this section being about new technologies, optical maps have been present

since 1993, when they were used in the assembly of microorganism genomes (Schwartz

et al., 1993). However, low throughput, high error rate, and imprecise measurements

of DNA length hampered the use of the methodology in the study of more complex

species. However, due to the improvements introduced by Bionano Genomics, the

technology has more recently become a relevant tool in genomic research (Yuan et

al., 2020). The experimental design of optical maps is based on the obtention of long

DNA molecules (∼ 1 Mb), which are digested using an endonuclease to create single-

strand nicks. Those nicks are repaired using fluorescently-labelled nucleotides that

generate fluorescent marks along the DNA molecules. The DNA molecules are then

linearised in a nanochannel array present in a chip, and the images of the extended

marked DNA molecules are taken using high-resolution fluorescent microscopy. The

resulting images are converted into a format accepted by software capable of per-

forming de novo assembly and phasing haplotypes to generate the optical maps.

In the case of SVs detection, the final step consists of recognising the location of

the restriction site labels on each DNA molecule and comparing it with the pattern

observed on the reference sequence. The detection of changes in the pattern of the

label indicates the presence of SVs that can be characterised based on the type of

change in the pattern (Figure 1.6-B). For example, if you find certain labels located

farther away than in the in-silico map generated as a reference, it would be indicative

of insertion, or deletion if they are closer than expected. The same applies to du-

plicated or inverted patterns (indicative of duplications or inversions, respectively).

There are multiple tools that can be used throughout the optical mapping workflow,

including alignment, variant discovery, de novo assembly, and scaffolding (Li et al.,

2017; Yuan et al., 2020). The main advantage of the technique is the ability to

study large rearrangements, especially those within repetitive regions. One of the

limitations of optical maps is that they only represent the position of the selected

nicking enzymes without generating nucleotide information. Therefore, the BPs of
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the variants cannot be defined with precision because they provide only breakpoint

estimates based on the closest nicks. Moreover, because of the use of nicks, optical

maps have a relevant limitation in the identification of small variants that do not

change the label pattern. For that reason, it can be complemented with the use of

short-read sequencing technologies to improve the detection of small SVs. The use

of multiple endonucleases can provide different patterns that can resolve some of the

limitations (Ho et al., 2020; Yuan et al., 2020). Optical maps have also been used

to characterise inversions in recent years and are becoming an important tool for

the identification of clinically relevant variants (Iqbal et al., 2023). Optical maps

have been used in the analysis of the inversion that affects factor VIII, helping in

the identification of novel variants in the region (Liu et al., 2025). In healthy indi-

viduals, optical mapping has been applied to 154 genomes from 1000GP to identify

multiple SVs, including insertions (∼ 6500), deletions (∼ 9100), and inversions (380)

(Levy-Sakin et al., 2019).

Strand-seq

The next methodology is Strand-seq, a sequencing technique that allows the se-

quencing of a single strand of DNA. This is achieved by incorporating 5-bromo-

2′-deoxyuridine (BrdU), a thymidine analogue, into the newly synthesised (non-

template) strand during DNA replication in a cell line of the individual analysed.

Subsequent UV-induced photolysis at BrdU sites selectively removes the newly syn-

thesised strand (positive BrdU), leaving only the original template strand. The

remaining template strand (BrdU-negative) is then used for library construction,

and sequenced preserving their directionality. After single-cell DNA sequencing, the

reads are aligned with the reference genome. Since all reads come from a single

strand, they should all map in the same strand of the reference genome, unless there

are inversions, in which case the reads will switch their mapping to the complemen-

tary strand of the reference (Falconer et al., 2012; Sanders et al., 2016, 2017; Ho

et al., 2020). Sequencing of several individual treated daughter cells is needed to

analyse all the strands of the two chromosomes of the tested individual. The main

point of this technology is the preservation of genomic directionality, which makes
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that especially interesting in the study of inversions. Inversions can be observed as

genomic regions in which the reads belonging to the inverted region align with the

complementary DNA strand contrary to the surrounding sequences (Figure 1.6-C).

Moreover, other SVs such as deletions and insertions can be detected by analysing

changes in the depth of sequencing. The limitation of this methodology is that

due to the multiple enzymatic clean-up steps, the average coverage obtained is low

(0.01-0.05x), which is not useful for the detection of small SVs (Sanders et al., 2016;

Ho et al., 2020). Strand-seq has been successfully applied to the identification of in-

versions in humans, allowing the detection of variants in a wide size range (1 kb–4.5

Mb), including regions located between large blocks of SDs (Sanders et al., 2016),

as well as in apes (Porubsky, Sanders, Höps, et al., 2020). In addition to exper-

imental advances, such as the simultaneous construction of multiple libraries and

their automation (Sanders et al., 2017), significant software improvements have also

been achieved, increasing both the number and the performance of tools dedicated

to inversion detection (Hanlon et al., 2021; Weber et al., 2023; Bai et al., 2024).

Long-read sequencing

In this section, we discuss the two main technologies for single-molecule sequenc-

ing, PacBio and ONT long reads, which enable the generation of continuous reads

spanning up to hundreds of kilobases directly from native DNA (Ho et al., 2020;

Logsdon et al., 2020). Long-reads due to their size are able to span low complexity

and repetitive sequences such as SDs and mobile elements, which sometimes are

found at the BPs of SVs, including inversions. This feature allows for an improve-

ment in the detection of SVs compared to short-read approaches (Pollard et al., 2018;

De Coster et al., 2021) (Figure 1.6-D). In this context, while short-read technolo-

gies allow the identification of fewer than 10,000 SVs per human genome, long-read

sequencing allows the detection of more than 20,000 variants (Ho et al., 2020). Long-

read sequencing technologies are grouped into third-generation sequencing methods

(Amarasinghe et al., 2020; Olson et al., 2023).
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PacBio long reads

The first of the two technologies we will discuss emerged in 2011 (Amarasinghe et al.,

2020). PacBio introduced the single-molecular real-time (SMRT) platform, which

initially offered two sequencing modes: continuous long reads (CLR) (now depre-

cated) and Circular Consensus Sequencing (CCS), producing HiFi reads. CLR long

reads are obtained by constructing SMRTbell template libraries containing DNA

inserts greater than 30 kb, allowing the polymerase to traverse the template only

once or a few times. This process generates reads that typically range from 5 to

60 kb, with maximum lengths approaching 100 kb. However, the accuracy of this

mode is relatively low, averaging between 85 and 92%. In contrast, the use of smaller

libraries of SMRTbell templates (10-30 kb) in CCS mode allows the polymerase to

perform multiple passes through the template, generating a long continuous poly-

merase read (up to 150 kb long) that includes both forward and reverse passes of the

DNA template. These multiple passes are then combined to produce a consensus,

resulting in high-fidelity (HiFi) reads with a greatly increased accuracy (99%) and

lengths corresponding to the size of the insert (10–30 kb) (Espinosa et al., 2024)

(Figure 1.6-D). The increased accuracy of PacBio long reads has enabled improve-

ments in variant discovery, reduced assembly time, and better access to complex

genomic regions (Ho et al., 2020; Logsdon et al., 2020).

ONT long reads

Oxford Nanopore Technologies (ONT) long reads, first introduced in 2014, are gen-

erated by passing single-stranded DNA molecules through a protein nanopore. The

DNA sequence is then inferred from characteristic changes in electrical current as

individual bases move through the pore. Similarly to PacBio long reads, ONT se-

quencing is also a single molecule sequencing technique (Amarasinghe et al., 2020;

Ho et al., 2020). The main distinction between the two long-read sequencing tech-

nologies lies in the fact that in ONT no DNA synthesis takes place and in the final

read length. ONT can generate considerably longer reads, sometimes reaching hun-

dreds of kilobases, generating reads able to span large complex repetitive genomic
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regions (Figure 1.6-D). However, such ultra-long reads represent only a small frac-

tion of the data. The read length in ONT sequencing is primarily determined by

the extraction and preparation of high molecular weight DNA. Based on this, ONT

reads are typically classified into two categories: standard long reads (10–100 kb)

and ultra-long reads (>100 kb) (Logsdon et al., 2020).

A key limitation of ONT sequencing is its reduced accuracy per base, which gen-

erally ranges from 87% to 98% (De Coster et al., 2021; Logsdon et al., 2020; De

Coster et al., 2021). Moreover ONT long reads show many specific small deletions

produced from basecalling errors (Ho et al., 2020). Due to the relatively low ac-

curacy per base of ONT long reads, studies that require high base-level precision

often rely on complementary error correction or polishing tools. These approaches

may be non-hybrid, using only long-read data, or hybrid, combining long-reads with

short-read data to improve accuracy (Amarasinghe et al., 2020). The precision of

ONT sequencing depends both on the chemistry used and on the algorithms applied

during basecalling. Guppy, the most widely used basecaller in recent years, provides

three modes: fast, high accuracy (HAC), and super accuracy (SAC), which differ

in computational demand and resulting accuracy (Karakurt et al., 2023). More re-

cently, Dorado has emerged as a promising successor, with the aim of becoming the

new standard for ONT basecalling (“Nanoporetech/Dorado”, 2022, May 17/2025).

Improvements in sequencing chemistry have also contributed substantially to an en-

hanced base-level accuracy in more recent sequencing data. The latest chemistries

and basecallers are approaching accuracy levels comparable to those achieved with

PacBio long reads. However, a trade-off remains: generating a higher proportion of

ultra-long reads often comes at the expense of reduced overall throughput (Logsdon

et al., 2020; Ferguson et al., 2022; Espinosa et al., 2024).

In recent years, several approaches have been developed to reduce the cost of ONT

sequencing. One of the most promising strategies is the enrichment of specific loci,

which increases the sequencing depth in the targeted regions. Among the pro-

posed methods, CRISPR-based enrichment has been explored as a powerful tool for

selective targeting (Geng et al., 2022). However, an alternative that is gaining con-
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Figure 1.6: Genotyping inverted alleles using different techniques. (A) Ex-
ample of a sample carrying two inverted alleles (ChrA and ChrA′) relative to the
reference genome. (B) Optical mapping detects inversions by anchoring fluorescent
labels (blue as aligned and yellow as unaligned) to specific nucleotide motifs and
comparing their order along the molecule with the reference genome. (C) Strand-
seq sequences template-specific DNA strands, allowing the detection of inversions
through characteristic changes in the read mapping strand in the reference genome.
Draw represents the view of an homozygous inversion. (D) Comparison of map-
ping patterns among sequencing technologies. Short reads, which do not span large
repetitive blocks (in orange at the top), often produce double-depth signals in these
regions due to multiple mapping hits. PacBio long reads, owing to their greater
length (10-30 kb), can span some inversion BPs (light colours), while others map
continuously (dark colours) and therefore are uninformative for inversion genotyp-
ing. ONT long reads, with even greater length (reaching more than 100 kb), span
a higher proportion of inversion BPs (light colours) and show fewer single-mapping
reads (dark colors). ChrA is shown as green lines and ChrA′ as red lines. Coloured
guide lines join different mapping segments of the same read.

siderable attention is adaptive sampling. Adaptive sampling enables the selection

of specific DNA sequences in real time, without the need for prior enrichment steps

during library preparation. This is achieved through algorithms that align the first
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nucleotides of a read (typically 400 bp) to a reference genome, allowing the system

to determine whether the read corresponds to predefined target genomic coordinates

or not (Chevrier et al., 2025). If the signal does not match the selected target, the

DNA molecule is ejected from the nanopore, freeing it to start sequencing a new

fragment. This approach is particularly valuable in clinical diagnostics, as it not

only reduces sequencing costs but also shortens turnaround times to obtain results

(Yang et al., 2025).

In general, long reads generated by the PacBio and ONT technologies have been

applied in numerous studies, demonstrating a significant impact in several areas of

genetics, including variant discovery (Sudmant et al., 2015; Audano et al., 2019;

Beyter et al., 2021), genome assembly (Chaisson et al., 2015, 2019), disease associ-

ation (Mantere et al., 2019), and human genetic diversity (Hsieh et al., 2019). To

support these applications, the development of specialised tools has been essential.

In the field of variant discovery, multiple structural variant callers have been de-

signed, many of which show strong performance. Among the most widely used are

Sniffles2, SVIM, PBSV, and cuteSV (Helal et al., 2024; Moustakli et al., 2025). In

addition, several studies have used third-generation sequencing methods to detect

structural variants such as deletions, insertions, and inversions, demonstrating a

substantial increase in detection compared to short-read sequencing. Initially, the

cost of large-scale studies using these technologies was prohibitive; however, ad-

vances in parallelisation and the continuous reduction in the cost per sample have

made it possible to scale up considerably (Tafazoli et al., 2025). Recently, ONT long

read sequencing has been applied for the first time to study structural variation in a

dataset of more than 1000 samples (Schloissnig et al., 2025), and at the same time,

initial efforts are being made to complete all 1000GP samples using ONT long read

sequencing (Gustafson et al., 2024).

Genome assembly is another area where long-read sequencing has provided major

advantages compared to short-read approaches. The ability of long reads to span

complex genomic regions enables the resolution of repeats and substantially increases

contiguity, which was crucial for the assembly of the first T2T human genome (Nurk
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et al., 2022). Tools such as Canu (Koren et al., 2017), Flye (Kolmogorov et al.,

2019), Hifiasm (Cheng et al., 2021), and Verkko (Rautiainen et al., 2023) have been

widely applied in genome assembly with long-read data, sometimes relying on a

single technology and in other cases combining multiple platforms to leverage the

strengths of each of them.

Multiplatform

All of the technologies mentioned above have had a significant impact in different

genomic fields, particularly in the detection and genotyping of SVs. However, several

studies have explored the combined use of these approaches, using their complemen-

tary strengths to further improve the results. Combining different techniques and

algorithms increases both the sensitivity and specificity of SVs detection (Chaisson

et al., 2019; Ebert et al., 2021; Porubsky et al., 2022; Logsdon et al., 2025; Porubsky

et al., 2025). Several strategies exist to integrate different technologies to improve

detection. A common approach is to use long-read sequencing at low coverage (10x)

to identify variants and resolve complex regions, while relying on short reads at

high coverage (30x) to refine BPs and improve sequence accuracy (Li et al., 2017;

Ho et al., 2020). Furthermore, hybrid assemblies that combine PacBio, ONT, and

short-read sequencing have shown strong performance in genome assembly (Di Gen-

ova et al., 2021; Rautiainen et al., 2023). Multiple studies in the literature have

demonstrated the benefits of combining complementary techniques. For example,

in 2019, Chaisson and colleagues analysed three family trios using PacBio, ONT,

Strand-seq, optical maps and short reads, detecting more than 27,000 SVs. In this

study, Strand-seq performed particularly well for inversion calling (Chaisson et al.,

2019). In 2022, Porubsky et al. applied three complementary approaches—Strand-

seq, assemblies generated from PacBio Hi-Fi reads and optical maps to 41 unrelated

samples, successfully identifying 729 inversion sites, including 292 balanced inver-

sions (Porubsky et al., 2022). The most recent study, published in 2025, analysed

65 samples using PacBio and ONT long reads, Strand-seq, optical maps, and Hi-

C sequencing. This approach enabled the detection of 118,500 SVs, including 298

non-redundant inversions, representing the largest effort to date that uses multiple
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technologies for the discovery and genotyping of structural variants (Logsdon et al.,

2025).

1.4.3 Reference genome

Some methodologies for the detection and validation of inversions and others SVs

rely on comparing sequencing reads from a given sample to a reference genome. For

this reason, in this section, we briefly review the evolution of the human reference

genome. As mentioned above, in 2001 the Human Genome Project Consortium

released the first draft of the Reference Human Genome (Lander et al., 2001). In

parallel, Celera Genomics also released the Alternate Human Genome assembly

(Venter et al., 2001; Singh et al., 2022). But it was not until 2004 that the finished

euchromatic genome was finally released (International Human Genome Sequenc-

ing Consortium, 2004). This first release has been revised and modified over time,

reaching the actual version (GRCh38) which was released in 2013. The main idea of

this reference is to represent a linear coordinate system that allows mapping reads

against it, serving as a standard for the identification of variations (Singh et al.,

2022). The GRC reference genome was constructed using BAC clones, which were

ordered and orientated along the human genome using genetic linkage maps, radia-

tion hybrid maps and fingerprint maps. Consequently, this genome underrepresents

repetitive sequences, and the assembly of BAC clones from multiple individuals re-

sulted in a mosaic of haplotypes. As a result, the reference contains multiple gaps,

especially centromeric and telomeric regions, with some regions remaining unfin-

ished or incorrectly assembled (Nurk et al., 2022; Singh et al., 2022). The current

version of the human reference genome (GRCh38) contains approximately 151 Mb of

unresolved gaps, distributed throughout the genome and including pericentromeric

and subtelomeric regions, recent SDs, and arrays of ribosomal DNA (rDNA).

As mentioned above, long-read sequencing technologies such as PacBio and ONT

demonstrated the ability to resolve complex SVs and previously inaccessible genomic

gaps. Consequently, a combination of these technologies was used to assemble chal-

lenging centromeric regions, including the Y chromosome (Jain, Olsen, et al., 2018)
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and even the complete X chromosome (Miga et al., 2020). These achievements

set the stage for the sequencing and assembly of the first T2T genome in 2022,

which fully resolves centromeric regions, previous missing euchromatic sequences,

large SDs and the short arms of five acrocentric chromosomes. These regions ac-

count for hundreds of megabases of previously uncharacterised sequences, which can

harbour biologically relevant features, including repeat-mediated SVs hotspots and

loci associated with chromosomal instability and disease (Nurk et al., 2022). The

cell line chosen for this effort was CHM13hTERT (known as CHM13), a essentially

homozygous line derived from a complete hydatidiform mole (CHM) with a 46,XX

karyotype. CHM13 had already been used to close the gaps in the human reference

genome (Schneider et al., 2017), to benchmark genome assemblers, variant callers (Li

et al., 2018), and to study human SDs (Vollger et al., 2019; Miga et al., 2020). The

resulting genome, known as T2T-CHM13, represents a major advance in genomic

analysis, which provides a high quality map of the human genome allowing the dis-

covery of a large number of variants that were previously invisible. For example, in

the case of SNPs, T2T-CHM13 allowed the identification of 3.7 million additional

variants in regions that are non-syntenic to GRCh38 (Aganezov et al., 2022; Liao

et al., 2023). This assembly has also facilitated the discovery of SVs such as inver-

sions: using Strand-seq data from 41 unrelated samples, the researchers identified

63 putative novel inversion sites, several of which lie within pericentromeric regions

and are associated with repetitive DNA which are usually not well represented in

GRCh38 (Porubsky et al., 2023). Further progress was achieved with the first com-

plete assembly of the Y chromosome, comprising 62 Mb, about 30 Mb more than in

GRCh38. Since CHM13 lacks a Y chromosome, the assembly was generated from

the HG002 sample, ultimately producing T2T-Y. This sequence includes compre-

hensive annotations of genes, repeats, and overall structural organisation (Rhie et

al., 2023). In addition to the discovery of new variation, the new reference genome

allows a more comprehensive annotation of gene families inside SDs and a better

understanding of centromere biology, epigenetic regulation, and repeat expansions

related to disease. The T2T reference closes the last blind spots of the human

genome, establishing a new foundation for genetic and clinical studies (Nurk et al.,
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2022).

Despite the substantial improvement provided by T2T-CHM13+Y, limitations re-

main in the detection and characterisation of variants using a linear reference. One

major limitation is that the reference genome does not capture the full extent of vari-

ation present in human populations. To address this gap, the first human pangenome

was released in 2023 (Liao et al., 2023). Pangenomes are designed to represent

human genetic variability using graph-based approaches, typically Bruijn graphs,

which were originally developed in 2001 for the assembly of genomes from short

reads and have since been adapted for other applications (Alipanahi et al., 2021).

The initial pangenome release performed by the The Human Pangenome Reference

Consortium (HPRC) includes 47 fully phased diploid genomes (94 haplotypes), with

the ultimate goal of generating 350 diploid assemblies (700 haplotypes) (Liao et al.,

2023). In addition to the Human Pangenome Consortium, other initiatives are cre-

ating population-specific pangenome references, such as the Arab Pangenome Ref-

erence (UPR) (Nassir et al., 2025) and the Chinese Pangenome Consortium (CPC)

(Gao et al., 2023). Analyses using the human pangenome have shown an improved

representation of human variation, improved read mapping, more accurate variant

calling, and better genotyping between samples (Liao et al., 2023). Pangenomes are

also particularly useful for studying CGRs, allowing the characterisation of different

structural haplotypes, as exemplified by the analysis of the amylase locus (Bolognini

et al., 2024), AGAP duplicons (Fornezza et al., 2024), the killer cell immunoglobulin-

like receptor (KIR) gene complex (Hung et al., 2024), and the family of TBC1D3

genes (Guitart et al., 2024). However, additional haplotypes are required to fully

capture the diversity in these CGRs and to accurately genotype the variants they

contain (Ebert et al., 2021).

1.5 Human variation resources

Throughout the years, numerous techniques have been developed to detect and

genotype genomic variants, with the overarching goal of representing human genetic

variability. All of these methodologies have been used in large cohorts of populations,
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including healthy and patients, creating resources for the identification of functional

and evolutionary consequences for genetic variants.

1.5.1 Large scale initiatives to characterise human variation

In 2003, the International HapMap Project was launched to characterise common

variations in the human genome DNA sequence and to make this information pub-

licly available (Gibbs et al., 2003). This resource has since become invaluable for a

wide range of studies, including candidate-gene analysis, linkage studies GWAS, and

investigations of genetic factors influencing disease susceptibility or drug response.

HapMap Phase I, which analysed 269 samples, aimed to genotype common SNPs

(with allele frequencies greater than 5%) at an average spacing of one SNPs every

5 kilobases. In this phase, more than one million SNPs were successfully identified

and genotyped (The International HapMap Consortium, 2005). Phase II, released in

2007, significantly expanded this effort, characterising more than 3.1 million SNPs

in 270 individuals of four different ancestry. This corresponds to approximately

one SNPs per kilobase, covering 25 to 35% of all common SNPs (allele frequency

(AF) >5%). Beyond cataloguing genetic variation, the HapMap Project has also

provided valuable information on recombination rates and the LD structure of the

human genome (Frazer et al., 2007). Finally, the last phase of the HapMap Project

was published in 2010, featuring a dataset of 1,844 reference individuals from 11

global populations to study both SNPs and copy number polymorphisms (CNP).

In this phase, the project focused on genotyping 1.6 million common SNPs using

microarrays (Altshuler et al., 2010).

In 2010, the 1000GP was also launched, creating another valuable resource for the

study of human variation. Its primary objective was to characterise all forms of

human genetic variation, with the aim of capturing 95% variants with an AF of

1% or greater in accessible genomic regions, using the most advanced sequencing

technologies available (Illumina short reads) at the time. In the pilot phase, whole

genome sequencing (WGS) was carried out for 179 samples from five main population

groups. Most samples were sequenced at low-coverage (3.63× per sample) and their
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variant information was completed by imputation based on the haplotypes detected

in a set of samples sequenced at high coverage. This phase identified more than 14

million SNPs, 1.3 million indels, and 20,000 large structural variants (SVs) (Durbin

et al., 2010). Phase II, launched in 2012, expanded the analysis to 1,092 samples

from 14 populations. This effort uncovered 38 million SNPs, 1.4 million indels,

and 14,000 deletions (McVean et al., 2012). Phase III, released in 2015, carried

out WGS in 2,504 individuals from 26 populations, identifying 88 million variants,

most of which were SNPs, along with 3.6 million indels and more than 60,000 SVs

(Auton et al., 2015). Specifically, SVs included 42,279 deletions, 6,025 duplications,

2,929 CNVs, 786 inversions, 168 nuclear mitochondrial insertions (NUMTs), and

16,631 insertions of mobile elements. Despite the challenges of detecting variants in

repetitive or complex genomic regions, due to read depth limitations and sequencing

technology constraints, the 1000GP reference panel has been widely used for the

imputation of other variants (Sudmant et al., 2015). Finally, in 2022, 1000GP

released an improvement in this resource, increasing the coverage from 7× in Phase

III to 30× and adding 698 new samples to the original 2,504. As in previous phases,

they identified SNPs (111 million), indels (14 million), and SVs (173,366), including

920 inversions and 3,568 complex rearrangements. The main advantage of 1000GP in

all phases was the absence of sharing restrictions, providing full access to individual

genotypes and enabling a more accurate analysis of variant effects (Byrska-Bishop

et al., 2022).

The Human Genome Structural Variation Consortium (HGSVC), has emerged to

continue the analysis of SVs in various human populations. Its primary objective is

to characterise the full spectrum of SVs between different populations. The central

approach of the consortium relies on assembly-based strategies to both discover and

phase variants. In its first phase, the consortium analysed three trios with fathers

previously described in the 1000GP Phase III, while children were used in the de-

velopment of new human reference genomes (Chaisson et al., 2015). To maximise

detection of SVs, the study used multi-scale mapping and multiple sequencing tech-

nologies to capture variants of different types and sizes. A combination of short

reads of Illumina, PacBio, optical mapping, Hi-C, 10X Chromium, Strand-seq, and
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ONT was used, resulting in increased sensitivity and combined coverage exceed-

ing 223x. Then a comparison between the variants detected with short read and

long read technologies was performed. Using short reads, 20,395 non-redundant SVs

were identified in the three children, while long-read sequencing detected 48,635 non-

redundant SVs, but calls only included deletions and insertion. When inversions were

considered, a high-confidence callset of 308 inversions was identified among the nine

individuals, corresponding to an average of 156 inversions per genome (Chaisson et

al., 2019). A few years later Porubsky et al. (2021) designed a workflow to generate

diploid de novo assemblies by combining Strand-seq data with PacBio CLR or HiFi

long reads. Shortly thereafter, Ebert and colleagues, in the context of HGSVC2

assembled 70 haplotypes (64 from unrelated individuals and 6 from children) rep-

resenting diverse populations. This approach enabled the detection of an average

of 24,596 SVs per genome, creating a nonredundant data set of ∼ 108, 000 SVs. In

the case of inversions, 117 events per sample were identified, resulting in a non-

redundant call set of 316 inversions (Ebert et al., 2021). Finally, in 2025, the next

stage was achieved with HGSVC3, which combined PacBio and ONT long reads,

Strand-seq, optical mapping, and Hi-C to assemble 65 diploid human genomes from

the 1000GP. The goal was to generate gapless chromosome assemblies, including cen-

tromeres and complex SDs. In this phase, a comparison of SVs was performed using

T2T-CHM13 and GRCh38 as reference genomes. On average, 12,903 insertions and

12,505 deletions per genome were detected when using T2T-CHM13, compared to

17,458 insertions and 10,868 deletions per genome when using GRCh38. The excess

of variants in GRCh38, particularly at high AF, was attributed to reference errors

(Logsdon et al., 2025).

Some initiatives focused on the idea of deep characterisation and benchmarking of

human genomes. This was the case of Genome in a Bottle Consortium (GIAB)

(https://www.nist.gov/programs-projects/genome-bottle), which is hosted by the

National Institute of Standards and Technology (NIST). Its work has focused on the

deep sequencing and analysis of the NA12878 genome (HG001) from the HapMap

project, as well as two trios of Ashkenazi Jewish and Han Chinese ancestry. Beyond

sequencing, GIAB develops and integrates pipelines to generate high-confidence vari-
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ant calls, including SVs (Zook et al., 2014, 2020). More recently, GIAB has expanded

into cancer genomics by generating the first widely agreed open access tumour-

normal resource, specifically designed to serve as a reference for the detection of

somatic structural variants (McDaniel et al., 2024).

The success of projects such as 1000GP spurred the development of new initiatives

designed to include larger cohorts and to address more specific research goals. One

such example is the UK Biobank, a large prospective study launched in 2006 to build

a comprehensive phenotypic resource and genotype dataset. It comprises 500,000

participants and provides data on 96 million variants (Young et al., 2016; Bycroft et

al., 2018). In the United Kingdom, the 100,000 Genomes Project was established to

investigate genetic variation in patients with rare diseases, with the goal of sequenc-

ing 100,000 samples from affected individuals (Samuel & Farsides, 2017). Another

large-scale initiative is TOPMed (Trans-Omics for Precision Medicine), which fo-

cuses on improving the understanding of genetic risk factors for heart, lung, blood,

and sleep disorders. By integrating WGS with other omics data in 80 participating

studies, TOPMed has reported more than 410 million variants from 53,831 sam-

ples, enabling the detection of variants with frequencies as low as 0.01%. However,

its scope remains limited to SNPs and small indels, excluding larger SVs (Taliun

et al., 2021). Finally, the "All of us" research programme in the United States aims

to sequence or genotype more than one million individuals. By 2023, the project

had generated 245,000 whole genome sequences and more than 312,000 genotyp-

ing arrays, with nearly 50% of the participants representing ethnic minority groups

(Ginsburg et al., 2023).

The heterogeneous samples, experimental protocols, and bioinformatic pipelines

used by these and other initiatives generates a vast and often fragmented pool of vari-

ants. To address this, several programmes have been launched to collect, organise,

and integrate predicted variants from multiple studies, thus creating more compre-

hensive and standardised catalogues of human structural variation. In this field,

there are examples such as Database of Genomic Variants (DGV) (http://dgv.tcag.

ca), which was one of the first resources designed to provide a comprehensive cata-

http://dgv.tcag.ca
http://dgv.tcag.ca
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logue of structural variation in healthy individuals. It aggregates data from 75 stud-

ies, comprising more than 8 million entries, including 4,083 inversions. However, this

resource has not been updated since 2019 (MacDonald et al., 2014). Another exam-

ple is dbVar (https://www.ncbi.nlm.nih.gov/dbvar), maintained by National Cen-

ter for Biotechnology Information (NCBI), which is a database of human genomic

structural variation that includes pathogenic and benign variants (Lappalainen et

al., 2013). Currently, dbVar contains more than 6 million variants from 185 studies

(NCBI, 2025). Unlike DGV, dbVar remains active and continues to accept new

submissions, with the expectation that its content will expand further in the com-

ing years. DECIPHER (DatabasE of genomiC varIation and Phenotype in Humans

using Ensembl Resources)(https://www.deciphergenomics.org) is a resource focused

on the identification and clinical interpretation of variants in patients, encompassing

both benign and pathogenic cases. To date, it contains data from more than 50,000

uploaded cases (Foreman et al., 2023). Another example would be The Genome

Aggregation Database (gnomAD) ((https://gnomad.broadinstitute.org) that inte-

grates sequencing data from a wide range of projects. The latest version (v4.1.0)

includes data from 730,947 exomes and 76,215 whole genomes from unrelated indi-

viduals of diverse ancestry. Although gnomAD is best known for its catalogues of

SNPs, it also includes SVs. Specifically, gnomAD v2 reported 445,857 SVs identified

in 10,738 unrelated individuals (Collins et al., 2020; Gudmundsson et al., 2022).

1.5.2 Inversion data and catalogues

A closer look at structural variation detection over time reveals a progressive increase

in the number of variants identified in the past decade. This trend has been driven in

part by the growing number of samples studied and the higher coverage achieved with

short-read sequencing, as demonstrated by the 1000GP (Byrska-Bishop et al., 2022),

gnomAD (Collins et al., 2020), and population-specific studies such as the Dutch

cohort (Hehir-Kwa et al., 2016). However, short-read technologies have inherent

limitations, particularly for variants located within repetitive or structurally complex

genomic regions. The next major step was the adoption of new sequencing strategies,

single- or multiplatform approaches, that significantly improved discovery rates,

https://www.ncbi.nlm.nih.gov/dbvar
https://www.deciphergenomics.org
(https://gnomad.broadinstitute.org
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although initially in relatively small cohorts (Chaisson et al., 2019; Ebert et al.,

2021; Porubsky et al., 2022). With decreasing sequencing costs, larger datasets are

now being generated using these advanced technologies (Schloissnig et al., 2025).

A clear result of these methodological advances is the steady increase not only in

the total number of SVs detected, but also in the average number identified per

genome. For example, phase II of HGSVC reported approximately 108,000 SVs in

32 samples (Ebert et al., 2021), compared to the 60,000 variants detected in 2,504

genomes during phase III of 1000GP (Auton et al., 2015). This trend is also evident

in the case of inversions: 786 were reported in 1000GP phase III (Sudmant et al.,

2015), 308 were identified in three trios in 2019 (Chaisson et al., 2019), and 729 were

detected in 41 unrelated samples in 2022 (Porubsky et al., 2022). However, despite

their power, multi-platform approaches remain relatively costly, which continues to

limit the number of samples analysed in such studies. Despite the large number

of inversions identified, they are spread over different studies and careful merging

and quality control are required before creating a comprehensive catalogue that can

serve as a resource for researchers.

The the INVersion Functional & Evolutionary STudies (InvFEST) project

As discussed previously, several studies and repositories report SVs; however, in-

versions are often under-represented or poorly characterised. To address this gap,

InvFEST (https://invfestdb.researchmar.net) was developed to provide the most

comprehensive catalogue of non-redundant polymorphic inversions in human popu-

lations. The database compiles inversion predictions from multiple studies carried

out in healthy individuals. Since these predictions are generated using various meth-

ods and reported in different formats, online analytical processing (OLAP) is applied

to harmonise the data and build a coherent catalogue. In addition, each prediction

is assigned a status label based on its reliability, allowing users to identify high-

confidence inversion calls. Over time, the content of InvFEST has grown from 1,092

candidates reported in 34 studies (85 of which had experimental validation) to 1,819

candidates in 49 studies. Within this pool, 252 inversions have been classified as

validated, 412 as unreliable, 274 as false, and one as ambiguous. The classification

https://invfestdb.researchmar.net
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criteria are as follows: an inversion is considered validated when at least one break-

point has experimental support; unreliable when no experimental validation exists

and the candidate fails quality standards (for example, if more than 90% of its BPs

overlap with a SD); false when experimental evidence disproves the candidate or is

deemed incorrect; and ambiguous when results from two or more validation assays

are inconsistent (Martínez-Fundichely et al., 2014).

In the early years of InvFEST, only a small set of candidates were genotyped us-

ing FISH (Antonacci et al., 2009), PCR (Pang et al., 2013), or iPCR (Aguado et

al., 2014; Giner-Delgado et al., 2019). However, the development of inverse MLPA

iMLPA (Giner-Delgado et al., 2019) and the application of digital droplet PCR

(ddPCR) (Puig et al., 2020) assays allowed the genotyping of inversions that had

previously remained inaccessible, particularly those with large IRs at the BPs. Using

iMLPA in combination with PCR, iPCR, and MLPA, it was possible to genotype

45 paracentric inversions in 551 samples from seven populations included in large-

scale projects such as HapMap and 1000GP. These inversions ranged in size from

83 bp to 415 kb and included 24 variants generated by the NH mechanisms and

21 by the NAHR mechanisms with IRs shorter than 30 kb (Giner-Delgado et al.,

2019). At this stage of the project, this set represented the majority of variants

experimentally verified using PCR-based techniques, accounting for about half of

the predicted inversions segregating at a frequency greater than 5% in human pop-

ulations. Similarly, the use of ddPCR allowed the validation and genotyping of 19

additional inversions in 95 samples of various ancestry drawn from the panel men-

tioned above of 511 individuals. All inversions in this dataset were generated by

NAHR mechanisms, with repeat sizes of up to 134 kb and overall lengths of 3.1 kb

to 741.7 kb (Puig et al., 2020).

These studies revealed important differences between NH and NAHR inversions. NH

inversions, typically generated by a single mutational event, usually present perfect

tag SNPs. In contrast, NAHR inversions often present recurrence, with inversions

being generated independently multiple times on different haplotypes, resulting in

a low LD with neighbouring variants and a high number of SNPs shared between
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both orientations. In addition, recurrence was shown to depend on the proximity

and length of IRs, with repeats located closer to each other and longer being more

prone to recombination (Giner-Delgado et al., 2019). Inversion recurrence has been

confirmed in subsequent studies (Porubsky et al., 2022) and has also been observed

in other primate species (Giner-Delgado et al., 2019) and throughout mammalian

evolution (Cáceres et al., 2007). In some studies, recurrence rates were estimated,

yielding inversion rates ranging from 3.4×10−6 to 2.7×10−4 per site per generation,

which is ∼ 103 times higher than that of single-base mutations (Giner-Delgado et

al., 2019; Porubsky et al., 2022). Due to this recurrence, the imputation of NAHR

inversions from SNPs is generally unreliable, representing a key limitation for func-

tional analyses. However, there are some exceptions, such as HsInv1057 and the

well-characterised 17q21.31 inversion, where a single origin mediated by IRs allows

imputation using tag SNPs (Puig et al., 2020; Campoy et al., 2022). Inversions have

been proposed to have a maximum tolerated length with respect to fertility. Below

this threshold, inversions are likely neutral, consistent with the observed inverse re-

lationship between inversion frequency and size (Giner-Delgado et al., 2019; Puig

et al., 2020). In contrast, larger inversions may persist only if they confer advan-

tageous functional effects under positive selection, compensating for their negative

impact on fertility (Giner-Delgado et al., 2019). A paradigmatic example is the

17q21.31 inversion, which exhibits strong functional consequences and evidence of

positive selection in European populations, likely compensating for its deleterious

effects on fertility (Puig et al., 2020). These studies also discovered multiple func-

tional effects on both NH and NAHR inversions. In addition to 17q21.31, examples

include HsInv0786, HsInv0124, and HsInv1051, some of which act as eQTL for gene

expression, disrupt exonic sequences, or show enrichment in GWAS signals. Several

additional candidates remain promising for further functional investigation (Giner-

Delgado et al., 2019; Puig et al., 2020).
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1.6 Mosaicism

Up to this point, we have discussed genetic variation primarily in the context of

population polymorphisms that were originally generated in germline cells. How-

ever, variants can also occur in any cell within a single individual, and then only

a subset of cells will carry the change. This phenomenon is known as mosaicism,

defined as the presence of two or more distinct genomic haplotypes in an individ-

ual derived from a single zygote. Another far more rare mechanism that generates

genetically distinct cell populations is chimerism, which arises from the fusion of

lineages originating from different zygotes (King et al., 2015). Mosaicism emerges

through de novo mutations that can occur during any cell division, at any stage

of development, and in any tissue, which means that, in principle, all humans are

mosaics. When postzygotic mutations affect only somatic cells, the condition is

termed somatic mosaicism (Thorpe et al., 2020). In contrast, when mutations oc-

cur in germline precursor cells, they give rise to germline mosaicism, which can be

transmitted to the offspring and thus become non-mosaic in the next generation

(Truty et al., 2023). Somatic mosaicism is generally more widespread than germline

mosaicism, and its frequency varies between tissues and developmental stages, with

higher mutation rates during early embryogenesis and neurogenesis compared to

adulthood (Spinner & Conlin, 2014). Most mosaic variants are benign; however,

they can also be pathogenic, particularly when they reach high clonality (affecting a

substantial proportion of cells) or involve genes associated with Mendelian disorders,

thus influencing disease onset, progression, or inheritance (King et al., 2015; Thorpe

et al., 2020; Truty et al., 2023). The functional impact depends not only on the

clonality but also on the timing of the mutation and its genomic context. Variants

in coding regions, especially nonsense or missense substitutions, are more likely to

be deleterious than synonymous changes or mutations in non-coding regions, which

are often less constrained (Sharp et al., 1995; Rech et al., 2014).

Somatic mutations arise from a combination of endogenous processes and environ-

mental exposures, accumulating with age. Age-related mosaicism has been exten-

sively documented, including both mosaic single nucleotide variants (mSNVs) and
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mosaic structural variants (mSVs) (Machiela, 2019; Truty et al., 2023). However,

due to mSVs mediated by repetitive elements, these motifs exhibit higher genera-

tion rates are expected to be more frequent. Germline mosaicism also increases with

parental age (Jónsson et al., 2018). Somatic mosaicism contributes to late-onset dis-

orders such as Alzheimer’s and Parkinson’s disease (Lodato & Walsh, 2019; Thorpe

et al., 2020), and has been observed in genes underlying X-linked and autosomal

disorders, such as PCDH19 and VHL, with phenotypes ranging from cancer pre-

disposition and neurological conditions to developmental syndromes. Mosaic SVs,

including copy number changes, have been shown to be particularly relevant for

developmental disorders. However, their observed frequency and size distribution

depend on some factors, such as the sensitivity of the detection methods and the

fitness consequences of the variants. For example, large CNVs are often deleterious,

making them easier to detect compared to variants that have more subtle effects

(Thorpe et al., 2020). Mosaicism has been especially well studied in hereditary

cancer and paediatric overgrowth syndromes (Truty et al., 2023).

Detecting mosaic variants remains challenging because they are often present at

low frequencies and restricted to certain cell populations. The early methods relied

on molecular cytogenetics. Conventional karyotyping, the reference standard for

chromosomal mosaicism, can identify large structural variants but lacks resolution

for smaller alterations (Wan & Ma, 2012). FISH improved sensitivity, allowing the

detection of smaller variants and analysis in interphase cells, which has been shown

to be valuable in cancer cytogenetics (Thorpe et al., 2020). SNPs arrays further

advanced detection by quantifying allele frequencies and copy number changes, al-

though they typically miss variants below the 5% frequency and exclude repetitive or

low-complexity regions (King et al., 2017). NGS expanded the discovery of mosaic

variants by allowing the comparison of multiple tissues of the same individual and

using trio-based designs to distinguish inherited mosaic events. Nevertheless, bulk

NGS has limitations: false positives from molecular or computational errors, poor

sensitivity in low-frequency variants, and inability to resolve mosaics specific to cell

types (Biesecker & Spinner, 2013; Grimes et al., 2024). Single-cell sequencing (SCS)

offers a powerful alternative by isolating, amplifying, and sequencing individual cells.
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Although whole-genome amplification introduces artefacts, these can be mitigated

by validation with targeted bulk sequencing or by analysing multiple single cells

and retaining only recurrent variants. Long-read single-molecule platforms such as

PacBio and ONT further improve detection, eliminating the need for amplification

and facilitating variant phasing and analysis in repetitive regions. However, their

higher error rates remain a challenge (Thorpe et al., 2020). Moreover, Strand-seq

has become a valuable tool for studying inversions, due to its single-cell sequencing

design. Dedicated software has also been developed to support its analysis (Porub-

sky, Sanders, Taudt, et al., 2020; Hanlon et al., 2023; Weber et al., 2023). Using

this technology, Grimes and colleagues (2024) investigated the impact of large-scale

mosaicism in normal human pluripotent stem cells (hPSCs), reporting that 16 out

of 19 donors carried mSVs and identifying 51 independent variants (Grimes et al.,

2024). Despite these technological advances, mosaicism and its impact on human

health remain underexplored, particularly in complex diseases where low-frequency

variants may play important roles.

1.7 Complex genomic rearrangements (CGRs)

Throughout the text, we have focused primarily on isolated SVs, which correspond

to cases in which only a structural variant is found at a specific locus. However, at

the beginning, we introduced the concept of CGRs, defined as regions harbouring

multiple SVs in cis (Schuy et al., 2022). More recently, the term complex structural

variants (CSVs) has been used to describe events composed of simple SVs spanning

more than one repair junction (Logsdon et al., 2025). Both concepts capture a sim-

ilar idea: loci where multiple variants coexist on the same chromosome. Typically,

the BPs of these structures are located within repetitive sequences such as SDs or

mobile element insertions (MEIs), and are generated by NAHR mechanisms (Collins

et al., 2020; Logsdon et al., 2025). As noted earlier, the presence of these repetitive

sequences makes these loci prone to additional rearrangements, resulting in highly

diverse regions. For the remainder of the text, we define a “complex region” as a

locus where the combination of simple SVs generates CSVs or CGRs in different
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samples, producing a population-level pattern of more than two haplotypes.

Complex regions encompass large genomic segments, often reaching megabase scales,

and typically exhibit intricate patterns of CNVs and balanced variants such as in-

versions (Ebert et al., 2021). These regions, with high diversity and the number

of haplotypes in the population, remain a challenge for most technologies. Even

today, the use of multiplatform approaches has limited power in resolving them. As

estimated by Ebert and colleagues, approximately 35 regions greater than 50 kbp

and containing five or more distinct SVs haplotypes remain unresolved per phased

assembly (Ebert et al., 2021).

At the haplotype level, large-scale studies such as gnomAD have reported that 1.6%

of SVs may actually represent CSVs or CGRs. With improvements in detection

methods, this proportion has increased from 2.5% (Collins et al., 2020) to 3.3% (Abel

et al., 2020), suggesting that the true number of complex rearrangements and their

combinations between samples may be higher than previously estimated. Third-

generation sequencing technologies now enable the detection of such rearrangements

and the resolution of regions enriched in SDs, centromeres, and telomeres (Schuy et

al., 2022). The most recent studies using multiplatform approaches identified 5,122

CSVs, which were merged into 1,247 unique variants in 130 phased haplotypes,

corresponding to an average of 72 CSVs per sample. These included duplications,

inversions, and complex structures such as INVDUP-INV-DEL, some consistent with

previous findings. The mean size of these variants was 91.5 kbp when mapped to

the reference genome T2T-CHM13 (Audano et al., 2024; Logsdon et al., 2025). The

use of human pangenomes, which integrate multiple sequencing technologies and

construct de Bruijn graphs to represent variability, has already been applied to the

characterisation of complex regions such as the major histocompatibility complex

(MHC) class II locus and the amylase locus (Bolognini et al., 2024). However,

properly capturing this variability requires dedicated tools, such as PGR-TK, which

provide a set of tools that were already used in the visualisation of complex variants

(Chin et al., 2023).

Classical examples of complex regions in the human genome include the 17q21.31
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locus mentioned above, the amylase gene cluster, or the MHC and KIR genomic

regions. Owing to their high haplotype variability, some studies have focused on

characterising single regions in detail. For example, the amylase locus is among

the most studied, with between 28 and 30 distinct haplotypes identified to date

(Bolognini et al., 2024; Yilmaz et al., 2024). The MHC is one of the most complex

regions of the genome, with estimates of haplotype diversity ranging from several

dozen to thousands of haplotypes; however, no consensus has yet been reached,

as different studies use different strategies to infer variation (Norman et al., 2017;

Kulski et al., 2022; Scigliuolo et al., 2023; Mosbruger et al., 2025). Other studies have

investigated regions where human haplotypes differ markedly from those of other

mammals, particularly in loci enriched for SDs, such as 15q11–q13 (Paparella et al.,

2023). Some regions show extreme haplotypic complexity or very large sizes, whereas

others display more limited variation. For example, in the 3q29 region, 18 structural

haplotypes have been identified, involving an inversion polymorphism, making this

region especially interesting due to its association with a microduplication syndrome

(Ebert et al., 2021). Similarly, the locus containing the NOTCH2NL and NBPF

genes shows three structural haplotypes: the reference haplotype (13.7% of alleles);

a variant in which NBPF8 is inverted and NOTCH2NLR and NBPF26 are deleted

(35.39%) (Figure 1.7); and a haplotype in which NBPF8 is replaced by NBPF9

(50.8%) (Logsdon et al., 2025). In addition, ten additional structural conformations

associated with NOTCH2NL were also identified (Real et al., 2025).

Despite progress in analysing several of these loci, many complex regions remain

uncharacterised. It is important to note that state-of-the-art methodologies are

costly as they require combining multiple sequencing technologies. In addition, when

using graph-based references such as the pangenome, the number of samples that can

be analysed remains limited, making it difficult to draw definitive conclusions about

the functional and evolutionary functions of these regions, which often encompass a

substantial number of genes due to their size.
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Figure 1.7: Haplotype structures affecting NOTCH2NL and
NBPF genes. The region affecting NOTCH2NL and NBPF genes spans
chr1:119,900,000–121,490,000 (1.59 Mb) and contains multiple annotated genes
according to GRCh38. Within this locus, several SDs (same-colour arrows) and
unique sequence blocks are present, with some genes embedded in these repetitive
segments. Reference genome structures (GRCh38 and T2T-CHM13) and haplotype
1 of HG01071 (Logsdon et al., 2025) are shown, highlighting the NBPF8 inversion
and a deletion of NOTCH2NLR and NBPF26. An intermediate step, potentially
present in other samples, is also depicted.

1.8 Objectives

The main objective of this thesis is to characterise and genotype human polymorphic

inversions, with a particular emphasis on those generated through NAHR mecha-

nisms, and their associated complex regions. By assembling a comprehensive dataset

of inversions that have so far remained insufficiently explored, this work seeks to

provide the basis for an in-depth evaluation of their functional consequences and

evolutionary significance in the human genome. The specific objectives are outlined

below:

1) Develop novel high-throughput genotyping assays for repeat-mediated

inversions that cannot be accurately genotyped with other tech-

niques. New techniques have emerged for the detection of SVs, all of which

present advantages and limitations. However, only a limited number of meth-

ods are available for a reliable characterisation of SVs at the population level.

This problem is particularly relevant in the case of inversions mediated by

IRs, which are challenging to genotype due to their intrinsic characteristics.

For this reason, the creation and evaluation of a tool for inversion genotyping
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is essential, especially one that uses ONT long-read sequencing, which makes

possible to span large repeats.

2) Validate and genotype inversion candidates to generate the most

complete catalogue of human polymorphic inversions. Over the years,

numerous candidate inversions have been reported, both in large-scale studies

such as the 1000GP and gnomAD, and more recently through the combination

of novel genomic technologies. These candidates need to be systematically

compiled, reviewed, and organised to obtain a curated set of independent

variants. Subsequently, a thorough characterisation is required to validate

these variants. This information will enable the update of InvFEST, with the

aim of establishing the most comprehensive catalogue of human inversions to

date, providing a key reference resource for the field.

3) Genotype human inversions in a large set of samples. To date, most

studies that employ new technologies for the detection and genotyping of ge-

nomic inversions have relied on relatively small sample sets, which limits the

robustness of the conclusions drawn. Thus, taking advantage of the increasing

availability of ONT sequencing data, we aim to compile samples from various

sources to construct the largest ONT-based dataset for inversion genotyping.

This resource will enable a more accurate characterisation of the population

frequency and distribution of the whole set of studied inversions, constituting

a crucial first step towards more comprehensive functional and evolutionary

analyses in the future.

4) Develop a new method for structural haplotype resolution and accu-

rate characterisation of highly variable genomic regions. Some repeat-

rich genomic regions harbour multiple SVs and exhibit unexpectedly high vari-

ability among individuals, which complicates their characterisation. Although

this diversity can be manually assessed in a limited number of samples, such

an approach is not scalable to larger cohorts. To overcome these challenges, it

is necessary to develop new tools capable of resolving haplotypes in complex

genomic regions without relying exclusively on genome assembly and which
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can take advantage of available long-read data.



2. Materials and methods

2.1 Datasets

2.1.1 Inversions

One of the main goals of this thesis is to create a comprehensive catalogue of inver-

sions. To achieve this, we compiled a list of inversion calls and other SVs involv-

ing inverted segments, such as inverted duplications and complex rearrangements,

from multiple studies. Even though our object of study are inversions, inverted

duplications were included because structural variant callers can sometimes con-

fuse inversions and inverted duplications and make the wrong call. These include

the large-scale studies mentioned in the introduction, as well as recent investiga-

tions that leverage emerging technologies, which are improving our ability to detect

and genotype SVs. For each study, we provide a brief description and, finally, we

summarise all identified variants in a table that can serve as a reference guide. Col-

lectively, these 13 studies encompass 20,920 variants that include inversions, inverted

duplications, and complex rearrangements that involve inversions. However, some

of the variants could overlap between the different studies, so to avoid redundancies,

multiple transformations will be performed to correctly merge the variants. This cat-

alogue will be refined to capture as many human polymorphic inversions as possible,

which will then be genotyped. The resulting information and derived statistics will

serve as the basis for creating an exhaustive and publicly accessible catalogue that

can act as a resource for other researchers in the field. To simplify the explanation,

studies are organised into three groups: the INVersion Functional & Evolutionary

65
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STudies (InvFEST) and other studies in the group; large-scale projects; and studies

focused on the use of specific technologies. Here, we present additional information

about each group of studies and include a summary table for each study (Table 2.1).

• InvFEST project: This is a comprehensive catalogue of non-redundant poly-

morphic inversions in human populations, integrating predictions from 49

studies conducted between 1997 and 2018 (Martínez-Fundichely et al., 2014).

These predictions were derived from various technologies, including short-read

sequencing and paired-end sequencing and mapping (PEM). The different de-

tected variants were harmonised using automatic tools to ensure consistency.

The catalogue currently includes 1,819 variants, 252 of which are experimen-

tally validated using multiple polymerase chain reaction (PCR)-based assays

(Giner-Delgado et al., 2019; Puig et al., 2020). As part of the InvFEST project,

we included the study of (Campoy, 2024), which reported a total of 197 SVs,

including 134 inversions, 61 inverted duplications and two associated dele-

tions. These variants were genotyped both experimentally, incorporating the

validation assays previously described in InvFEST, or in silico using BreakSeq

(Lledó & Cáceres, 2013; Puig, Castellano, et al., 2015; Giner-Delgado et al.,

2019). The genotyping effort covered between 95 samples for some variants and

up to 3,202 samples for others, all from the 1000 Genomes Project (1000GP).

In addition to variant genotyping, breakpoints (BPs) of these SVs were also

manually curated.

• Large-scale studies: This group includes two major population-scale projects:

1000GP and The Genome Aggregation Database (gnomAD). Both used short-

read sequencing technologies that aimed primarily to identify single nucleotide

polymorphisms (SNPs), although SVs were also detected. For this analysis,

we used the high-coverage dataset from 1000GP (Byrska-Bishop et al., 2022),

and gnomAD SVs v4.1.0 (Collins et al., 2020).

• New technologies studies: This group comprises the majority of studies (eight

in total), all employing emerging technologies such as Bionano optical map-

ping, Single-cell template strand sequencing (Strand-seq), Pacific Biosciences
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(PacBio), or Oxford Nanopore Technologies (ONT) long-read sequencing. These

studies are heterogeneous, ranging from single- to multi-platform approaches

and involving datasets from only a few samples to as many as 1,019. Sev-

eral of them are part of The Human Genome Structural Variation Consortium

(HGSVC), reflecting the ongoing efforts to develop and refine tools for the

detection and genotyping of SVs.

Table 2.1: Information of analysed studies. A comprehensive list of all studies
contributing to the identification of the variants analysed in this work, which will
form part of the new variant catalogue. The listed studies include those reporting
inversions, inverted duplications, and other complex genomic rearrangements. For
each study, details should be provided on the total number of variants detected, the
number of samples analysed, and the sequencing or analytical technologies employed
for variant discovery.

Study Variants Samples Technologies

1000GP 2986 3202 WGS Illumina
gnomAD 13064 63046 WGS Illumina
InvFEST 1819 – Multiple technologies
Audano et al. (2019) 222 15 PacBio long reads
Chaisson et al. (2019) 443 9 Multi-platform
Levy-Sakin et al. (2019) 380 156 Optical Mapping
Ebert et al. (2021) 316 34 Multi-platform
Porubsky et al. (2022) 399 44 Multi-platform
Porubsky et al. (2023) 63 44 Multi-platform
Campoy (2024) 197 95-3202 Short-reads; PCR-based
Logsdon et al. (2025) 298 65 Multi-platform
Schloissnig et al. (2025) 733 1019 ONT long reads

In this study, inversions are referred to using the notation "HsInv" as defined in

the InvFEST database (https://invfestdb.researchmar.net). Any inversion not pre-

viously catalogued in InvFEST is assigned the temporary notation "HsCan" for the

purposes of this thesis. Due to the size of the dataset, this paper does not include

a comprehensive table containing the coordinates of all inversions. However, the

coordinates defined for each inversion are available from the author upon request.

2.1.2 Samples

To perform our analyses, it was necessary to collect available samples. When this

project began, the number of publicly available datasets generated using ONT long

https://invfestdb.researchmar.net


68 Chapter 2. Materials and methods

reads was very limited because it was still a relatively new technology with applica-

tions restricted to specific research areas. However, this has changed substantially

over the years, allowing us to collect a significant number of samples. In this section,

we describe the sources of these samples and summarise their main characteristics.

In total, we found 1,409 unique samples, which come from different sources listed in

Table 2.2. Beyond the information provided in the table, we outline here the origin

and relevant context of each dataset.

Table 2.2: Sample sources. Summary table describing the origin of each sample,
specifying the original publication when available, and otherwise the generating
consortium which the sample was obtained. Sample counts are reported per study;
samples included in multiple studies are counted separately in each study.

Source Nº Samples

HGSVC 64
The Human Pangenome Reference Consortium (HPRC) 294
Gustafson et al. (2024) 100
Schloissnig et al. (2025) 1019
Sequenced by us 30

Some of our samples come from emerging consortia dedicated to studying human ge-

nomic variability, such as HGSVC and HPRC. For HPRC, our dataset includes not

only samples from the first Pangenome release, but also those now in development

for the forthcoming second release. Regarding Gustafson et al. (2024), the samples

represent the first ONT-based reanalysis of individuals from the 1000GP using long

and ultra-long reads. For Schloissnig et al. (2025), their study also includes samples

from the 1000GP, and this project involved direct collaboration, which will be com-

mented on in section 3.2. Additionally, during the course of this thesis, our group

sequenced several samples. These were used to evaluate the performance of ONT

adaptive sampling compared to traditional WGS. Part of this work is presented in

the first article in the section 3.1.

It is important to note the following: although the dataset contains 1,409 samples,

we only performed read mapping for 476 of them. Samples appearing exclusively in

Schloissnig et al. (2025) were excluded from our mapping because that study already
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Figure 2.1: Sample population assignment. Itemisation of self-identified geo-
graphical ancestries for 1409 samples representing 30 populations from 5 continental
regions. The three-letter codes used are equivalent to those used in the 1000GP
phase III.

provided its own alignments. For samples shared across datasets, if we generated

our own alignments, these were merged to increase depth. However, in cases where

our group and Schloissnig et al. (2025) produced mappings for the same sample,

we kept only our own, as they were generated using our own specific mapping and

filtering criteria.

Of all samples, 677 correspond to male individuals and 732 to female individuals,

T2T-CHM13 is included in the latter group, as it lacks a Y chromosome. At the

population level, the dataset includes individuals representing five ancestries, as

shown in Figure 2.1

Within these samples, we identified a total of 114 samples belonging to trios, corre-

sponding to 38 families. Additionally, when considering duos, defined as an offspring

and one of their parents, we found 164 samples, representing 82 duos. These related

samples were used primarily to detect potential genotyping errors.

Among the 1,409 samples, 69 did not belong to 1000GP, which limited our ability

to perform certain SNPs analyses exactly as originally designed. Finally, we also as-
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sessed how many samples had experimental validation available for specific variants,

which allowed comparison with the calculated genotypes; this subset comprised 231

samples.

Together, these observations summarise some of the key characteristics of our sample

dataset. Additional characteristics, whether related to the samples themselves or to

specific datasets, will be introduced throughout the Results section as required by

each analysis.

2.2 Methods

2.2.1 Merging of variants

To create the most comprehensive catalogue of genomic inversions, we merged the

variants reported in the different studies described above. The first step consisted

of homogenising the information available for each variant. This harmonisation was

achieved by integrating data from all studies into a common set of fields shared

between datasets. These fields included the chromosome, four coordinates that

define the two BPs of the variant, the type of variant, the frequency and the samples

in which the variant was identified. Each breakpoint is defined by two coordinates

that correspond to the start and end positions of inverted repeats, and, if they are

not present, to the external limits of any elements found at the BPs (like other

associated SVs as deletions, microhomologies, etc.) or to the two genomic positions

flanking a clean break.

For several studies, additional processing steps were required to obtain these fields.

Most studies reported only a single set of coordinates per variant, so a confidence

interval of ±5 kb was introduced around each defined breakpoint. Given the uncer-

tainty associated with the breakpoint resolution of different techniques, this value

was selected as a conservative estimation.

In some cases, it was necessary to convert the reported coordinates from a pre-

vious version into the GRCh38 reference genome. The coordinate conversion was
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performed using LiftOver (Hinrichs et al., 2006), applying the appropriate chain

file for each conversion. Both external coordinates (corresponding to the first co-

ordinate of breakpoint 1 and the second coordinate of breakpoint 2) and internal

coordinates (corresponding to the second coordinate of breakpoint 1 and the first

coordinate of breakpoint 2) were converted. During the LiftOver process, multiple

hits were allowed, and the minimum remapping fraction was set to 0.01. Once the

candidate hits were obtained, they were evaluated to determine which conversions

were acceptable. This evaluation was based on the successful conversion of six spe-

cific positions: four single-base coordinates (BP1-1, BP1-2, BP2-1, BP2-2) and the

two defined BPs (BP1 and BP2). First, we verified that the converted coordinates

matched exactly the point conversion values. Second, we assessed whether the size

of the converted region differed by less than 25% from the original region. If this

threshold was exceeded, only conversions with an absolute size difference of less than

10 kb were accepted. Variants that did not meet any of these criteria were excluded

from further analysis.

For some studies, allele frequencies (AFs) were not provided directly and therefore

had to be calculated. When genotype information was reported as presence or

absence, the frequency was calculated as the percentage of individuals carrying the

variant. When complete genotypes were available, AFs were calculated without

accounting for relatedness, since in many cases the sample sizes underlying the

reported frequencies were extremely small.

Following these steps, a unified table was generated that contains all relevant in-

formation for each variant of each study. Then we performed an initial merge of

the variants within each study to avoid redundancies. Two variants were considered

identical if their two breakpoint intervals overlapped with the corresponding BPs

of another variant. When variants were merged, their breakpoint intervals were

updated by taking the minimum and maximum coordinates, thereby progressively

expanding the breakpoint ranges.

To validate this merging process, we verified which variants should be merged using

bedtools pairtopair (Quinlan & Hall, 2010), with the option "both" (requiring both
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ends of feature A to overlap feature B) and a "slop" value of 0 to avoid extending

the overlap region. After completion of this within-study merge, the same procedure

was repeated to merge variants from different studies.

Variant filtering

After merging, a filtering step was applied to the resulting set of variants. The

first exclusion criterion was AF: only variants with a frequency of at least 1% were

retained. The second criterion was the size of the variant. Variants larger than 10

Mb were excluded, as inversions of this size are highly unlikely to present a high

frequency and are likely artefacts generated by variant callers (MacDonald et al.,

2014; Cuenca-Guardiola et al., 2023).

Breakpoint definition

To define inversion BPs, we first assessed whether the two breakpoint intervals

overlapped with segmental duplications (SDs). If a variant overlapped with a single

isolated pair of SDs, the inversion BPs was extended to include the entire repeat.

If the breakpoint interval overlapped multiple SDs, all were combined to form a

larger breakpoint. So, for all variants sharing the same overlapping SDs, the same

BPs were defined; however, they did not merge. To know how many regions share

this same large BPs, they were grouped in regions that were termed complex, since

the presence of multiple pairs of SDs provides a favourable genomic context for the

generation of multiple rearrangements. When these complex regions were defined,

we evaluated how many additional variants overlapped the same regions, as some

variant calls could represent alternative haplotypes generated through interactions

among multiple SDs.

All variants overlapping with one complex region were assigned the same BPs, with

breakpoint intervals overlapping multiple SDs merged into a single extended break-

point region. As a result, variants whose breakpoint intervals overlapped the same

set of SDs were assigned identical extended BPs. These variants were not merged;

rather, they were retained as independent calls sharing the same breakpoint defi-
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nition. Then these variants were compared with each other to identify groups of

variants that share the same extended BPs. Such regions were termed complex

regions, since the presence of multiple pairs of SDs constitutes a genomic context

prone to the generation of multiple potentially related rearrangements.

Once complex regions were defined, additional variants for which BPs had not yet

been assigned were evaluated for overlap with these regions. When a variant over-

lapped a given complex region, it was assigned the same extended BPs as that

complex region. This approach allowed for the consistent definition of breakpoint

coordinates between variants that could represent alternative haplotypes generated

by interactions among multiple SDs.

Next, we examine variants classified as complex in gnomAD, as the corresponding

VCF files provide explicit coordinates for variants located near the inversion bound-

aries, such as deletions or duplications. In these cases, the gnomAD coordinates

were used as BPs. When such variants were merged with others, we verified that

the single-base breakpoint defined in the original study was consistent with the gno-

mAD coordinates. In cases where a variant was not consistent, the breakpoint was

extended to encompass the variant coordinates.

For the remaining variants (including both simple inversions and inversions associ-

ated with other variants), all merged individual calls were examined and the min-

imum and maximum coordinates of each set were used to define their BPs, which

were then extended by 100 bp on each side.

Finally, an additional filtering step was applied to the final list of merged variants

defined BPs to exclude from the analysis those variants with an internal size smaller

than 300 bp, those with two BPs larger than 200 kb, or those corresponding to

inverted duplications.

Inversion genotyping pipeline

The following steps are integrated into the pipeline designed for inversion genotyp-

ing, termed GeONTIpe (https://github.com/RMoreiraP/GeONTIpe). For clarity,

https://github.com/RMoreiraP/GeONTIpe
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a brief overview of the pipeline and its main components is provided here. A more

detailed description of the developed tool can be found in Section 3.1, within the

Materials and Methods section.

GeONTIpe is a tool developed for the genotyping of genomic inversions. The initial

stages of the pipeline include the download and subsequent analysis of sequencing

reads, followed by a filtering step. Specifically, reads shorter than 5 kb and with a

quality score below 7 are removed. The next step corresponds to the read mapping,

which includes optimisation of the parameters to improve the detection of inversions

and other SVs. Additionally, only alignments with a mapping quality (MAPQ)

greater than 20 are retained.

When FASTQ files are available for the samples, they are prioritised, due to the con-

trol of mapping criteria. However, precomputed mapping files can be used directly,

as was the case for samples obtained from the 1000GP FTP repository associated

with the study by (Schloissnig et al., 2025). For overlapping samples, the mappings

generated by GeONTIpe were prioritised and mapping files were not merged, as

mapping criteria differ between studies.

Once the samples are mapped, the inversion genotyping is performed. Based on

the coordinates of the BPs defined for each variant, four probes are designed: two

internal probes and two external probes (one upstream of breakpoint 1 and one

downstream of breakpoint 2). A minimum of three out of the four probes is required

for a candidate inversion to be included in the analysis.

These probes are the elements used to detect the orientation of the variant of interest.

GeONTIpe identifies the reads that span the defined BPs and places the designed

probes on each read using BLAST (Boratyn et al., 2013). Subsequently, the probe

position and orientation within each read are analysed to assign a genotype at the

read level. By aggregating the information across all supporting reads, the genotype

of the sample is defined. Throughout the text, Std (standard) will be used to denote

the orientation present in the GRCh38 reference genome; alternative orientations will

be specified explicitly when applicable. The criteria used for genotype determination
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are described in the mentioned section. In addition, the distances between probes

are used to detect the presence of additional unbalanced variants by comparing the

expected and observed inter-probe distances. This approach allows for not only

the determination of the genotype for a given sample and inversion but also the

identification of additional structural variants.

Probe design and genotyping

First, based on the parameters provided to GeONTIpe, a 20 kb region surrounding

the defined BPs for each inversion was selected. Probes of 300 bp were designed

with an overlap of 275 bp, maximising the number of probes generated. In this

step, probes were not filtered according to repetitive element content (0% unique

sequence requirement). Designed probes were required to be unique within a 500

kb window upstream and downstream of each inversion region. Among the probes

that met these criteria, those closest to the defined BPs were selected for inversion

genotyping.

These initial probes were tested to assess their ability to correctly identify both

alleles in a test sample set that included at least one inverted allele for each candidate

inversion region. Genotypes classified as erroneous or ambiguous were manually

reviewed using dot plot analyses. Variants deemed structurally invalid were excluded

from further analysis, while variants with a coherent structural interpretation were

retained. For retained variants, a second set of probes was designed to improve

genotyping by increasing the minimum unique sequence requirement to 25%.

The final genotyping with GeONTIpe was performed using the following internal pa-

rameters for megablast: a minimum probe coverage of 90% and a minimum sequence

identity of 85%.

2.2.2 Genotyping performance evaluation

After genotyping, an evaluation of the resulting genotypes was performed. This

assessment was based on the proportion of valid genotypes obtained (excluding un-

determined calls and low-confidence) relative to the total number of variants or sam-
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ples for which genotyping was attempted. In addition, genotyping performance was

compared between studies by grouping samples according to their study of origin.

For samples shared by more than one study, each sample was counted independently

for each study to which it belonged.

To assess the effect of sequencing quality metrics on genotyping performance, the

N50 and the total number of reads were extracted from FASTQ data using NanoPlot

v.1.40.2 (De Coster & Rademakers, 2023). The reported values corresponding to

each sample were obtained after the GeONTIpe read filtering step. To evaluate

the effect of breakpoint size on performance, the minimum distance between probes

was used, under the assumption that the smallest inter-probe distance would be the

main factor that determines the number of informative reads spanning that region.

2.2.3 AF calculation

AFs were calculated excluding offspring from trios and duos. The T2T-CHM13

sample was treated as carrying a single allele and partial genotypes in which only

one allele was determined were also counted as single alleles. The same counting

criteria were applied when computing AF within each ancestry. Because certain loci

in GRCh38 represent minor inverted configurations relative to population frequen-

cies, and given the absence of reliable ancestral state information for all inversions,

frequencies were consistently reported as MAF to avoid reference-dependent po-

larisation biases. When reporting AF within each ancestry, the frequencies were

referenced to the allele defined as minor in the global dataset.

2.2.4 Population differentiation

Fixation index (FST) to evaluate differences in AF between populations was calcu-

lated both globally and in pairwise comparisons between ancestries. The FST values

obtained for each inversion were compared with an empirical null distribution de-

rived from SNPs from the 1000GP high-coverage dataset. To construct this null

distribution, SNPs located in easy-to-sequence regions, as defined by the Genome

in a Bottle (GIAB) Consortium (Krusche et al., 2019), were selected. The AFs for
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both inversions and SNPs were calculated excluding related individuals, and variants

were grouped into frequency bins ranging from 0 to 0.5 with increments of 0.01.

For each inversion, SNPs belonging to the same frequency bin and located on the

same chromosome type (autosome or chromosome X) were randomly sampled. A

total of 10,000 SNPs were selected for autosomes and 1,000 SNPs for chromosome

X, reflecting the distinct population genetic properties of chromosome X relative to

autosomes (Holsinger & Weir, 2009). The FST values were then computed globally

and pairwise between ancestries for inversions and SNPs using vcftools (v0.1.16)

with the weir-fst-pop option (Danecek et al., 2011). Negative FST values were set

to zero, as FST is constrained to the [0,1] interval. Inversion FST values were consid-

ered significant when they fell within the top or bottom 5% of the SNP-based null

distribution, corresponding to an empirical significance level of 90%. In addition,

high FST values were also used as an indicator of possible selective pressures acting

on specific variants (Holsinger & Weir, 2009).

2.2.5 Genotype quality control

To assess the reliability of the genotypes, several validation analyses were performed.

First, the genotypes of the offspring of the trios were compared with those of their

parents, considering only the cases in which the genotypes were available for all three

family members. Each comparison was classified according to whether the genotype

of the offspring was compatible with the parental genotypes under Mendelian inher-

itance.

Second, we compared our genotypes with a high-confidence genotyping dataset re-

ported in (Campoy, 2024). In that study, genotypes for inversions with simple BPs

were generated using BreakSeq (Lam et al., 2010) in 3,202 samples of high-coverage

1000GP, and repeat-mediated inversions were genotyped using several experimen-

tal PCR-based approaches. Many of these experimentally validated genotypes have

previously been published (Giner-Delgado et al., 2019; Puig et al., 2020). Genotypes

were considered comparable only when both GeONTIpe-derived and reference geno-

types were valid. In addition, for 33 samples and 155 polymorphic inversions, geno-
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types were compared with the results of the Pangenome project (see Moreira-Pinhal

et al. 2025 for details of the methods).

2.2.6 Hardy–Weinberg equilibrium (HWE)

To evaluate which variants deviated from HWE only genotypes from unrelated sam-

ples were included to avoid over-representation of alleles from related individuals.

HWE was assessed separately for autosomal and chromosome X inversions; for chro-

mosome X, the analysis was adapted to account for the distributions of sex-specific

genotypes. All tests were performed independently for each ancestry. The mid-p-

values were computed using the HardyWeinberg R package (Graffelman, 2015) (R

version 4.3.1). Variants with a mid-p-value below 3×10−5 (Bonferroni correction for

multiple tests, using an initial significance level of 0.05) were considered to deviate

from HWE.

2.2.7 Linkage disequilibrium (LD) analysis

Pairwise LD was calculated between the inversion alleles and other biallelic SNPs

located within 0.5 Mb upstream and downstream of the external coordinates of

each inversion region. SNPs were obtained from high-coverage 1000GP data. LD

was computed both globally and separately for each ancestry using PLINK v1.9.0

(Chang et al., 2015) following the framework and code described in Giner-Delgado

et al. (2019). LD was measured as the squared correlation coefficient (r2), which

in PLINK is normalised by the AF of each variant, representing the proportion of

variance in an SNP explained by the inversion. Only samples belonging to high-

coverage 1000GP were used in the analysis due to the absence of high-quality SNP

information for samples from other sources.

Two LD analyses were performed: one that included all genotypes and a second that

excluded homozygous genotypes supported by only 5 to 7 reads. LD was considered

high when a value of at least 0.95 was observed with at least one SNP. This analysis

allowed for the identification of inversion regions whose genotypes would require

further refinement before subsequent functional analyses.
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2.2.8 Manual sequence analysis

Throughout the different stages undertaken to achieve the objectives of this thesis,

manual sequence analysis was frequently required. This was applied to the inspection

of both specific reads or assembled sequences, allowing us to accurately determine

which variants could be directly observed in the sequence. To perform these analyses,

several visualisation and annotation tools were used.

IGV 2.17.4 (Robinson et al., 2023) was used for the direct visualisation of map-

ping files, allowing visual detection of certain SVs. BLAST (Boratyn et al., 2013),

used via the command-line interface or the web application, was used to align ref-

erence genome sequences with the query sequence of interest. This facilitated the

identification of sequence blocks that differ in size, orientation, or copy number be-

tween the reference and the read query. BLAST results were usually inspected using

supplementary tools such as Artemis v18.2.0 (Carver et al., 2012), which provides

graphical representations of BLAST hits, allowing quick identification of the position

and orientation of sequence blocks. However, when the complexity of the genomic

region increased, due to the expansion of repetitive content or intricate genomic

structures, the QIAGEN CLC Main Workbench 25.0 (QIAGEN Digital Insights,

2025) was used to annotate BLAST-derived sequence blocks and take advantage of

other useful features in manual sequence analysis.

In the subsequent sections, instances of manual sequence analysis will be noted

whenever this step was essential to understand the structural changes observed with

the tools developed during this work.

2.2.9 Complex regions analysis

To enable a more systematic analysis of structurally variable genomic regions across

a large number of samples, we designed CHARONTE (Complex Haplotype Analysis

and Reconstruction using Oxford Nanopore Technology Evidence) a pipeline that,

as described in detail below, uses a set of unique k-mers that are directly mapped

onto long reads. By analysing the position, orientation, and spacing of these k-
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Figure 2.2: Schematic overview of CHARONTE. The figure illustrates the
two main code blocks: k-mer determination and haplotype determination. Major
steps include the selection and mapping of unique k-mers, phasing of ONT reads,
identification of first-core and second-core reads, construction of a similarity matrix
using positional and strand information, clustering of reads into haplotype groups,
and generation of consensus haplotypes followed by verification using reference k-
mers. Colours indicate the type of elements: turquoise represents inputs, yellow
denotes processing steps, and lilac represents outputs.

mers within each read, the pipeline identifies reads that follow the same structural

path and incrementally merges them, ultimately extending across the entire region

of interest. This process allows us to reconstruct the structural haplotypes of the

sample under study. Once the haplotypes of all individuals are inferred, the final

stage of the pipeline integrates this information to explore the diversity of haplotypes

present in the cohort. As the pipeline is still under development, a formal reference

is not yet available.

The pipeline is organised into three code blocks that will be named "K-mer selec-

tion", "Haplotype determination", and "Synteny". An entire code is implemented in

Bash and R v4.3.3 (R Core Team, 2021). To facilitate its interpretation, a schematic

overview has been generated (Figure 2.2), and each section will be introduced and

explained in three parts: description of the input parameters, workflow logic, and

summary of the output produced.
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K-mer selection

This first code block is responsible for generating all the information required and

subsequently used by the second block of the pipeline.

Inputs:

The inputs necessary to execute this initial stage include a file containing the coor-

dinates of the region of interest, the reference genome, and a mapping file with the

alignments of the ONT reads to that reference. As the pipeline relies on two ref-

erence genomes for k-mer identification, two coordinate files must be provided, one

for GRCh38 and one for T2T-CHM13, along with both reference genome sequences

(FASTA format).

Workflow:

In this code section, the coordinates provided as input are first used to extract

the target genomic region from the mapping file and to retrieve the corresponding

sequence from each reference genome. These tasks are performed using SAMtools

v1.15 (Li et al., 2009; Danecek et al., 2021). From the resulting mapping file,

additional information is obtained, including read mapping flags, read sequences,

and the position of each read relative to the reference. The mapping information is

converted to BED format using bedtools v2.30 (Quinlan & Hall, 2010). In addition,

overlaps between reads are identified using the overlap function of minimap2 v2.24

(Li, 2018), with optimised parameters for ONT long reads.

From the extracted GRCh38 reference sequence, all possible k-mers of fixed size are

generated. In our implementation, the length of the k-mer can be defined by the user

and can range from 20 to 50 bp (the optimal k-mer size was empirically determined

by testing multiple k-mer lengths within a specific genomic region across a small set

of individuals, and selecting the parameter that yielded the highest concordance with

prior knowledge of the structural configuration of that region). The overlap between

k-mers is set to one base, so that k-mers with a single base of difference with respect

to the previous one are generated. K-mers are generated using Jellyfish v2.3.0
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(Marçais & Kingsford, 2011), producing a maximum number of k-mers calculated

as:

Nkmers =
region size − k-mer size

k-mer size − overlap between k-mers
+ 1

Jellyfish is also used to select unique k-mers. Finally, k-mers are filtered to keep

only those found once in the analysed region in the second reference genome (T2T-

CHM13).

After finalising the unique list of k-mers, consecutive k-mers are mapped back to

the reference genome using mrsFAST v3.4.2 (Hach et al., 2014) with a zero-error

tolerance (accepting only perfect matches) to identify uninterrupted sequence blocks.

From each unique sequence block, a subset of k-mers is selected. At least one k-mer

per block is generated, and the maximum number is calculated as:

Nselected k-mers =
block size

window size

where the window size is a user-defined parameter that varies from a few hundred

to several thousand bases. If a block is smaller than the window size, one k-mer is

selected from each end of the block.

To minimise potential non-specificities, users can define a minimum number of nu-

cleotide differences that a k-mer must have relative to other sequences in the region.

This threshold defines a minimum identity for each k-mer, calculated as:

Minimum Identity (%) =
(
1− minimum differences

kmer size

)
× 100

Using this identity threshold, BLAST v2.16.0 (Boratyn et al., 2013) is used to iden-

tify k-mers with multiple hits exceeding the threshold and then being discarded to

prevent non-specific mapping.

Finally, all remaining k-mers are mapped to the reads using mrsFAST v3.4.2, spec-
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ifying the desired error rate. In our workflow, only exact matches are accepted.

The output is a BED-format table that indicates, for each read, which k-mers were

mapped, their positions, and their strand orientation.

To facilitate downstream classification of reads, a final step was incorporated in a

later stage of the development of CHARONTE, allowing the phasing of reads in the

target region. For this purpose, NanoCaller (Ahsan et al., 2021) is used to perform

the call of SNPs, identifying heterozygous variants in the individual analysed. Then

phasing is performed using WhatsHap (Martin et al., 2016), to determine which

reads belong to each haplotype and the number of phase blocks. Within each block,

the reads are assigned to one of the two haplotypes or classified as unphased when

no reliable assignment is possible. When multiple phasing blocks are detected,

SHAPEIT4 (Delaneau et al., 2019) is used to merge them into a single coherent

phasing structure, using known SNPs from 1000GP.

Outputs:

The outputs generated in this first section of the pipeline include: (i) the mapping

information of k-mers against the reads and of the reads against the reference; (ii)

the phasing information of the reads; and (iii) the overlap characteristics among

reads. Subsequently, these components are used as inputs for the second section of

the developed software.

Haplotype determination

This second block constitutes the core of the pipeline. Its main purpose is to deter-

mine the structural configuration of the two chromosomes of the individual sample.

This section generates multiple information records that can be examined later, in-

cluding an estimate of the structural differences identified between the unknown

sample and the reference genome.
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Inputs:

In addition to the files generated in the previous section, several basic inputs are

required to enable parallelisation, such as the region ID, coordinates, and sample ID.

Finally, four coordinates must be supplied that delimit the region where variation

is hypothesised to occur; these coordinates often correspond to SDs.

Workflow:

The initial steps of this code block involve the progressive introduction of input

data used to define the elements of interest that will later enable the classification

of reads.

First, several rounds of correction are applied to the k-mers detected in the reads.

When a given k-mer is mapped more than once within the same read, it is immedi-

ately discarded; similarly, k-mers located in the external ends of reads and outside

of the analysed region are also removed. Then, to properly align each read to the

reference, it is necessary to translate the k-mer mapping coordinates observed within

the read into reference-based coordinates. Therefore, a procedure is implemented

to determine an anchor point between each read and the reference. This method

identifies the first k-mer shared by the read and the reference. Once this anchor

k-mer is found, its position within the read is reassigned according to the reference

coordinates. The positions of all other k-mers in the same read are then recalculated

by preserving their relative distances to the anchor.

After this step, k-mers that do not follow the positional trends of the remaining k-

mers within the read are removed. When multiple inconsistent k-mers appear within

the same read, the algorithm attempts to detect whether a structural variant may

explain the anomalous pattern. To this end, it searches for other reads exhibiting

similar inconsistencies and identifies the corresponding regions of the reference in

which they occur. This procedure allows for the identification of duplications and

inverted duplications within the reads. When such events are detected, the k-mers

belonging to the conflicting region are removed, and the region is annotated as a
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variant.

Once each read contains a pool of unique k-mers that follow homogeneous and

consistent positional and strand patterns, reads with too few k-mers are filtered out

because they are not informative for classification. These correspond to cases in

which less than 0.5% of the total number of k-mers in the region, or less than two

k-mers in total, are detected within the read.

The next stage involves read integration. Here, longer reads with more k-mers

are used as reference containers to incorporate shorter reads that may contribute

additional k-mers initially not found in the longer read due to the high error rate

of ONT reads and the mapping of k-mers requiring a perfect match. This step uses

the sequence overlap information between different reads obtained in the previous

pipeline stage. Using this information, a sequential integration process is applied

when: (i) the reads overlap by more than 90% of the sequence length, (ii) present

less than 5% sequence divergence, (iii) belong to the same phasing group, and (iv)

the shared k-mers in the overlapping region are identical. After each integration

event, the shorter read is discarded to avoid repeated incorporation, and the short-

read specific k-mers are incorporated into the overlapping longer read. Additional

consistency reviews are then performed to ensure that incoherent k-mers are not

introduced.

To determine whether two reads are considered identical or distinct based on the

k-mers they contain, we use a simple matching coefficient (SMC), which evaluates

the similarity between independent attributes in a binary fashion (0 or 1). Two

attributes are considered in this evaluation: position and strand. The comparison

of strands is direct, identical strands score 1, and mismatched strands score 0. For

each k-mer position, we computed the ratio between the k-mer position in the read

and its position in the reference (after realignment). If this ratio is higher than

95%, the k-mer is scored as 1 (equal). If not, the absolute position of the k-mer is

analysed and if the difference between position within the read and in the reference

is smaller than 5000 bp, it is also scored as 1. Otherwise, it is scored as 0.
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By repeating this procedure for all the k-mers in the read, a global similarity score

between two reads is obtained, defined by the following formula:

similarity score =

∑p
k=1 pos_simk +

∑s
k=1 strand_simk

p+ s

where p is the number of comparable positional observations, s is the number of com-

parable strand observations, pos_simk is the binary indicator of positional similarity

for the k-th k-mer, and strand_simk is the binary indicator of strand similarity for

the k-th k-mer. This similarity score serves as the basis for all read–read compar-

isons performed throughout the pipeline, and it will be referenced in the following

sections.

The following step uses the mapping information of reads aligned to the reference to

determine which reads cross at least one predefined point of interest. These points

correspond to the four coordinates within the analysed region introduced as input.

Reads meeting this criterion are labelled as first-core reads, whereas the remaining

ones are classified as second-core. This distinction establishes the prioritisation of

the reads used during the classification process.

To classify the reads, four groups are defined, and each read is assigned to one group

as it is processed. Two of these groups correspond to the two haplotypes (Group

1 and Group 2), while the remaining two groups contain reads that could not be

assigned to either haplotype, either because they were not comparable (Unknown)

or because their similarity score was too low (Wrong). A read is assigned only to an

haplotype group if the phasing information and the similarity score match. However,

unphased reads may be assigned to the haplotype group with which they show the

highest similarity.

In the first classification stage, the reads from the first-core are analysed. The read

with the highest number of k-mers is selected as the initial target for comparison.

Sequentially, each read is compared to this target based on shared k-mers. If its

similarity score exceeds the threshold, the read is assigned to that group. The first
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read that shows low similarity or conflict with the phasing label becomes the first

read and target for the second haplotype group. In subsequent comparisons, each

read is used as a query against both groups and assigned to the one that provides

the best match. Reads that do not fit either group are moved to the unassigned

categories.

This stage ends with an internal validation of each haplotype group. All reads

within a group are compared pairwise to detect inconsistencies. The read with

the lowest similarity score in the resulting matrix is removed and checked if its

removal substantially improves the overall mean pairwise similarity of the group.

This process is repeated until no further improvement is observed and all remaining

reads in the group are considered internally consistent.

Once the groups have been validated, a k-mer consensus is generated for each hap-

lotype group. This expands the k-mer set that represents each group, providing

an updated target for comparison in the second round. In this second round, the

remaining unassigned reads from the first-core are compared against the new con-

sensus profiles of Groups 1 and 2. After this stage, a new consensus is generated and

all reads from the second core are compared against it. This iterative classification

of unassigned reads against the newly created consensus for each group is repeated

twice for first-core and twice for second-core reads to maximise the number of reads

assigned to each haplotype.

As a final classification step, the proportion of reads in each group is evaluated

to determine whether a reconstructed haplotype is valid. If more than 30% of

all reads remain unassigned, the classification process is considered unsuccessful.

Additionally, a haplotype is considered invalid if its corresponding group contains

fewer than 25% of the total reads.

Finally, a k-mer consensus is generated for each reconstructed haplotype and eval-

uated in several ways. First, the k-mer composition is compared with that of the

reference to identify divergent k-mers and characterise the nature of these differ-

ences. Then, the internal consistency of each haplotype is assessed by examining
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the number of k-mers used in its reconstruction, its total size, and whether differ-

ences in the size difference can be explained by the observed variation relative to the

reference. Haplotypes showing inconsistent k-mer distributions are classified as er-

roneous, whereas haplotypes that exhibit substantial k-mer loss or size discrepancies

are categorised as partial.

Outputs:

The outputs generated in this step consist of the two reconstructed haplotypes,

each represented as a set of k-mers with their corresponding positions and assigned

strands. In addition, several images are produced to facilitate the verification of the

consistency of the process, along with a log file containing the statistics generated

throughout the procedure and the final evaluation of each reconstructed haplotype.

Synteny

Unlike the previous module of the pipeline, which analyses the haplotype structure

of individual samples, the final stage performs a comparative analysis across all sam-

ples. The aim is to identify haplotypes from different individuals that are identical,

so they can be recognised as the same haplotype, and those that are different. This

enables a final representation of all distinct haplotypes detected in the population,

together with the estimation of their frequencies and differences between them and

with respect to the two reference genomes used for the k-mer design.

Inputs:

As input, this third module uses the haplotypes generated in the previous block and

the sample IDs provided by the user.

Workflow:

In this third block, all haplotypes that were not previously classified as erroneous or

partial are included. The correctly inferred haplotypes are compared pairwise using

the SMC metric described above. Haplotypes with a score of 1 are assigned to the
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same haplotype group, and the k-mer information from the contributing samples

is used to generate a consensus, either increasing the k-mer coverage in the final

haplotype or improving the positional accuracy of each k-mer. The frequency of

each haplotype is determined.

To characterise the differences among all detected haplotypes, they are first divided

into two groups based on strand changes: those with strand changes indicating

the presence of an inverted segment (inverted group) and those without (standard

group). Within each group, the haplotype with the highest frequency is selected as

the central reference and then the central haplotypes of both groups are compared

with each other. The pipeline then identifies the most complex haplotype within

each group. Complexity is defined either by being the most dissimilar relative to the

other haplotypes in the same group or by being the longest haplotype. These outer,

complex haplotypes are compared last and only against the adjacent haplotype in

terms of similarity, reflecting their peripheral position. In contrast, the remaining

haplotypes are compared sequentially against their nearest neighbours in similarity.

Once the haplotype pairs to be compared are defined, each pair of k-mers is evaluated

to pinpoint the location of sequence variation. Variants are classified as deletions or

insertions when changes in k-mer spacing are observed, or as inversions when strand

orientation switches. All detected variants are annotated and stored, providing a

qualitative profile of the differences between each pair of haplotypes. After anno-

tation, variant coordinates are formatted for use in a synteny visualisation. The

resulting synteny plot is generated using customised modifications of the Synteny-

PlotteR package (Quigley et al., 2023).

Finally, individual genotypes are inferred for each sample on the basis of their hap-

lotype combinations. A summary table is also produced, reporting the haplotype

frequencies and the individuals in which each haplotype is detected. Each haplotype

is additionally compared with both reference genomes (GRCh38 and T2T-CHM13)

to provide a simple record of haplotype-specific differences relative to each reference.
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Outputs:

The outputs generated by this module include individual genotype calls, summary

tables, pairwise haplotype comparisons, and comparisons between each haplotype

and the reference genomes.



3. Results

3.1 Genotyping of inversions using long-read data

The first chapter of this thesis Results comprises a manuscript currently in press that

presents GeONTIpe, a novel computational package for genotyping of inversions me-

diated by inverted repeats (IRs) based on the use of Oxford Nanopore Technologies

(ONT) long-read data. In addition to the description of the methodological frame-

work of the tool, the publication also presents its application to an initial dataset

comprising 612 inversion candidate regions. These inversions were compiled from

multiple studies that employed recent sequencing technologies, as well as from the

INVersion Functional & Evolutionary STudies (InvFEST), a database that, as dis-

cussed throughout this thesis, aggregates inversion calls reported in numerous inde-

pendent studies. This inversion dataset was genotyped in a cohort of 54 individuals

for whom ONT long-read sequencing data was available.

The publication reports the main findings derived from the analysis of the inversion

dataset, including an evaluation of genotyping performance between variants and

samples. Furthermore, it explores the use of adaptive sampling as a strategy to re-

duce sequencing costs in ONT experiments and assesses the impact of this approach

on inversion genotyping.

Finally, the article presents several genotype concordance analyses to assess accu-

racy and reliability, comparing GeONTIpe genotypes with those reported in the

original studies from which inversions were obtained. It also includes a preliminary

evaluation of the Human Pangenome as a potential source of inversion genotypes.
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ABSTRACT

Inversions are a unique type of balanced structural variants (SVs) with important 

consequences in multiple organisms. However, despite considerable effort, these 

and other complex SVs remain poorly characterized due to the presence of large 

repeats. New techniques are finally allowing us to identify the full spectrum of 

human inversions, but the number of individuals analyzed is still quite limited. Here, 

we  take  advantage  of  Oxford  Nanopore  Technologies  (ONT)  long  reads  to 

characterize an exhaustive catalogue of 612 candidate inversions between 197 bp 

and 4.4 Mb of length and flanked by <190-kb long inverted repeats (IRs). For that, 

we have developed a bioinformatic package to identify inversion alleles reliably 

from long-read data. Next, using a combination of different DNA extraction, library 

preparation, and ONT sequencing protocols, we show that ultra-long reads (50-100 

kb)  and  adaptive  sampling  are  an  efficient  method  to  detect  most  human 

inversions. Lastly, by analyzing ONT data from 54 diverse individuals, 87-99% of the 

inversions can be genotyped in each sample, depending mainly on read and IR 

length  and  genome  coverage.  Both  orientations  are  observed  for  155  of  the 

analyzed regions (frequency 0.01-0.49), which multiplies by three the number of 

polymorphic IR-mediated inversions studied in detail so far. Moreover, we found 

more than 300 additional independent SVs in the studied regions and resolved 

several  complex  rearrangements.  Therefore,  our  work  provides  an  accurate 

benchmark  of  those  inversions  that  typically  escape  most  analyses,  and  it 

demonstrates  the  potential  of  nanopore  sequencing  to  characterize  missing 

human genomic variation.
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INTRODUCTION

Over the past few decades, there has been a global effort to identify all 

human genomic variation and its association with phenotypic traits and disease 

susceptibility in different populations (The 1000 Genomes Project Consortium 2015; 

Collins et al. 2020; Ebert et al. 2021; Karczewski et al. 2020; Choudhury et al. 2020; 

Choi et al. 2023). However, structural variants (SVs), which involve changes of more 

than 50 bp, are often generated through non-allelic homologous recombination 

(NAHR) between large repeats and tend to occur in complex regions harboring 

many segmental duplications (SDs), making their detection very difficult by most 

techniques (Alkan et al. 2011; Logsdon et al. 2020; Ebert et al. 2021). Thus, a big 

fraction  of  SVs  are  still  under-studied  and  new  high-throughput  methods  to 

determine reliably their genotypes in multiple individuals are needed.

This is especially problematic for inversions, which are generally undetected 

with most sequencing techniques due to their balanced nature, changing only the 

sequence order (usually with no gain or loss of DNA), and the frequent presence of 

highly identical inverted repeats (IRs) at their breakpoints (Puig et al. 2015; Ebert et 

al. 2021). In addition, compared to the rest of SVs, inversions are unique as they 

inhibit recombination between the two orientations, leading to potential negative 

consequences on fertility (Puig et al. 2015). Accordingly, those that reach a certain 

frequency in natural populations could be more likely to have positive functional 

effects that compensate for these costs. In fact, a growing number of inversions 

have been involved in adaptation and phenotypic variability in diverse organisms, 
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from  plants  to  birds (Wellenreuther  and  Bernatchez  2018),  including  humans 

(Campoy  et  al.  2022).  Moreover,  around  one  third  of  human  inversions  are 

associated with gene expression or epigenetic changes, and they tend to have 

larger effects than other variants (Giner-Delgado et al. 2019; Puig et al. 2020; Lerga-

Jaso et al. in prep.).

Large-scale projects using a combination of novel genomic techniques, such 

as long-read sequencing, Strand-seq or Bionano optical maps (Levy-Sakin et al. 

2019; Chaisson et al. 2019; Audano et al. 2019; Ebert et al. 2021; Porubsky et al.  

2022)  are  finally  making  it  possible  to  identify  the  full  spectrum  of  human 

inversions. However, each technique has its own limitations and error sources. In 

addition, in most cases, just a reduced number of individuals has been studied, 

which  hinders  the  analysis  of  the  effects  of  the  detected  variants  and  their 

association with phenotypic traits. To overcome these problems, different methods 

have  been  developed  to  genotype  specific  inversions,  either  individually  (e.g. 

regular PCR, inverse PCR (iPCR) or droplet digital PCR (ddPCR)) or in sets of several of 

them together (e.g. multiplex ligation-dependent probe amplification (MLPA) or 

inverse MLPA (iMLPA)) (Giner-Delgado et al. 2019; Puig et al. 2020). This has allowed 

the detailed analysis of up to 134 inversions in 95-551 individuals from diverse 

human populations, including 55 inversions with IRs at their breakpoints (Lerga-

Jaso et al. in prep.). Nevertheless, the variants that can be studied with each method 

are extremely dependent on inversion and IR characteristics, such as their length or 

the  presence  of  restriction  enzyme  target  sites,  which  means  that  a  single 

5



technique cannot detect all inversions and a significant fraction of them are still not 

characterized. In addition, many inversions generated by NAHR have appeared 

recurrently  in  the  human  lineage  and  they  are  not  linked  to  nearby  SNPs  or 

particular haplotypes (Giner-Delgado et al. 2019; Puig et al. 2020; Porubsky et al. 

2022).  In fact, we have seen that highly recurrent inversions are very difficult or 

even impossible  to  impute,  compared to  unique inversions  that  typically  have 

perfect tag SNPs (Giner-Delgado et al. 2019).  As a result, their potential effects have 

not been detected in common genome-wide association studies (GWAS). Therefore, 

it is especially important to develop methods that allow us to directly determine the 

genotype of an individual by investigating the actual DNA sequence order, over 

other indirect methods, like imputation, that can have a high error rate.

Long-read  sequencing  methods,  such  as  PacBio  and  Oxford  Nanopore 

Technologies  (ONT),  represent  a  unique  opportunity  for  the  complete 

characterization of complex genomic variants (Logsdon et al. 2020; De Coster et al. 

2021; Mastrorosa et al. 2023; Grochowski et al. 2024). Specifically, ONT sequencing 

is based on identifying the nucleotide bases as individual DNA molecules pass 

through multiple nanopores, which can generate extremely long reads of up to 

several Mb in a relatively short time (Logsdon et al. 2020). Despite its higher error 

rate, ONT ultra-long reads (>50-100 kb) have been instrumental in the generation of 

the  new Telomere-to-Telomere  (T2T)  and  draft  human  pangenome references, 

helping to resolve centromeres and other hard-to-characterize regions (Nurk et al. 

2022; Liao et al. 2023). Furthermore, adaptive sampling promotes the sequencing 
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of targeted molecules in real-time (Payne et al. 2021), enriching regions of interest 

in a simple and cost-effective way. This strategy has already been applied to identify 

rare genomic rearrangements and genotype difficult-to-study variants,  such as 

tandem repeats (Miller et al. 2021; Stevanovski et al. 2022). Also, some studies are 

starting  to  generate  long-read  resources  of  multiple  individuals  of  diverse 

populations and diseases (De Coster et al. 2021; Beyter et al. 2021; Wu et al. 2021; 

Gustafson et al. 2024; Schloissnig et al. 2025), although in most cases read length is 

moderate. Therefore, it  is necessary to undertake further analyses to establish 

optimized protocols that can be widely adopted and define the current limits of 

these technologies. In addition, it is important to develop easy to use bioinformatic 

tools that can extract accurate information of different types of genomic variants 

from these new data.

In this work, we take advantage of long-read information to generate an 

accurate catalogue of human polymorphic inversions mediated by a wide range of 

IR lengths and to obtain an initial estimate of their frequency and distribution. 

Moreover,  we investigate the applicability  of  ONT ultra long reads for  efficient 

genotyping of inversions, as a first step to characterize their functional impact. 

Finally, we compare our results with other studies and the draft human pangenome 

reference to check how well these variants are represented.

RESULTS

Dataset of IR-mediated inversions

7



In  order  to  build  the  most  exhaustive  dataset  of  IR-mediated  human 

inversions to date, candidate inversion regions were selected from four different 

sources:  (1)  all  58 independently  validated  inversions  with  different  types  of 

breakpoint IRs (ranging from 140 bp to 134 kb), including the 55 genotyped in 

multiple individuals using different PCR-based techniques  (Giner-Delgado et al. 

2019; Puig et al. 2020; Lerga-Jaso et al. in prep.); (2) the merging of 1528 candidate 

inversions from five recent studies  (Levy-Sakin et al. 2019; Chaisson et al. 2019; 

Audano et al. 2019; Ebert et al. 2021; Porubsky et al. 2022) that identify SVs using 

long-read sequencing, Strand-seq or optical mapping in a total of 195 individuals; 

(3) previous paired-end mapping (PEM) predictions that could not be analyzed with 

available methods or were identified as possible human genome assembly errors 

caused by highly-identical IRs (Korbel et al. 2007; Martínez-Fundichely et al. 2014; 

Vicente-Salvador et al. 2017); and (4) pairs of inverted SDs annotated in the human 

reference genome (GRCh38/hg38) that have the potential to generate inversions 

(see Methods). Candidate inversions from the different sources were merged into 

independent variants when their breakpoints were located within or close to the 

same pair of IRs. Also, we selected only inversion candidates with at least one IR 

copy smaller than 200 kb and not located in very complex regions full of repeats and 

SDs (which excludes most of the centromeric and telomeric sequences) or gaps in 

hg38,  for  which  specific  probe  sequences  could  be  designed  around  the 

breakpoints (see below).

8



Of the merged list  of candidate inversions by recent studies,  622 regions 

were filtered out since they did not meet the above criteria (mostly because no IRs 

were identified in the region or sequence was extremely complex) and 11 more due 

to unexpected complex behavior during inversion genotyping. This resulted in 150

new possible independent inversions with IRs that could be tested (including 65 

with breakpoints within or close to the same IR pair that were predicted by at least 

three independent studies), not counting 58 matching those already known (Lerga-

Jaso  et  al.  in  prep.).  In  addition,  there  were  85 PEM  inversion  predictions 

overlapping IRs  (Martínez-Fundichely  et  al.  2014) that  were not  present  in  the 

previous set. Finally, we selected an additional group of 319 pairs of inverted SDs 1-

50 kb long and distance of <250 kb that do not correspond to any of the other 

inversions. In total, 612 regions with potential inversions ranging from 197 bp to 4.4 

Mb and flanked by IRs between 140 bp and 190 kb were included in the analysis 

(Supplemental Table S1). However, the inversion selection could exclude some cases 

in which the IRs are not found in the current hg38 human reference genome 

assembly.

Development of a new inversion genotyping package from long reads

Thanks  to  the  sequence  contiguity,  ONT  ultra-long  reads  offer  the 

opportunity to analyze a wide range of inversions and resolve other challenging 

variants,  without  being  affected  by  sequencing  error  rates  or  other  methods 

limitations (Giner-Delgado et al. 2019; Puig et al. 2020). Thus, we have developed a 

novel inversion genotyping software package called GeONTIpe. The genotyping 
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strategy is based on the detection of reads spanning inversion breakpoints and 

determining their sequence order and orientation by searching for specific probe 

sequences at either side of each IR (A, B, C and D) (Fig. 1A). That way, we can identify 

reads with A-B/C-D combinations that support the reference orientation (O1) or A-

C/B-D combinations that support the inverted orientation (O2) (Fig. 1B).

 

Figure 1. Inversion genotyping from ONT long reads. A. Schematic representation 

of candidate inversions analyzed in this work, with the inverted region shown as a 

red gradient flanked by two inverted repeats (IR) in grey. Probe sequences located 

at both sides of each IR (labelled as A, B, C and D) are indicated as colored rectangles 

and have different order in O1 and O2 orientations.  B. Example of  HsInv0228 

inversion genotyping results in an heterozygote sample, showing ONT individual 

reads as dark grey (O1) or light grey (O2) lines and the probe sequences indicated 

with colored rectangles. Probe sequence order together with read number and 

proportion  of  reads  supporting  each  orientation  determines  the  inversion 

genotype.
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The analysis has several steps: quality filtering of the reads, mapping against 

hg38, generation of inversion genotypes, and identification of additional SVs (see 

Methods; Supplemental Fig. S1). One of the key steps is the design of the probe 

sequences of a few hundred bp to identify unique regions flanking the breakpoint 

IRs, which were manually revised to avoid specificity problems and possible errors 

caused by the presence of unexpected haplotypes. This allowed us to interrogate 

accurately 612 potential inversions, including 40 inversions analyzed only using one 

breakpoint due mainly to the presence of large IRs or the lack of specific probe 

sequences. Once these sequences were mapped to the reads, inversion genotype 

was determined according to the number of reads supporting each orientation as 

homozygote, heterozygote or low confident (see Methods). Moreover, to recover 

additional genotypes, when possible inversion homozygotes were supported just 

by 2-5 reads, known SNPs were checked to see if the two alleles were present. 

Finally, we took advantage of the distance between the probe sequences to identify 

additional insertions (increased distance) or deletions (reduced distance) in the 

analyzed regions. Therefore, the developed method makes it possible to resolve a 

large majority of human inversions mediated by a wide range of IRs for the first 

time, while it characterizes also additional SVs.

Benchmark of ONT sequencing strategies for inversion genotyping

In parallel,  to assess the most efficient methodology for genotyping the 

whole set of human inversions, we tested several ONT ultra-long read sequencing 

protocols using a MinION device. The analysis was multi-dimensional and includes 
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two main groups of experiments on four human female samples of diverse origins 

for  which  most  of  the  PCR-validated  inversions  had  been  previously  analyzed 

(Lerga-Jaso et al. in prep.): NA12156 (European), NA18505 and NA18508 (African), 

and  NA18956  (East  Asian)  (Fig.  2A).  First,  we  used  the  Monarch®  HMW  DNA 

extraction method (NEB) to compare the genotyping efficiency of whole-genome 

sequencing (WGS) and adaptive sampling (AS) of two sets of inversions: an initial 

set, including 132 candidate inversions plus 40-kb flanking regions (AS2), and an 

extended one, targeting additional predicted inversions and inverted SDs plus 70-

kb flanking regions (AS3), which covers almost all the inversions interrogated in the 

genotyping pipeline (Supplemental Table S1). Second, we evaluated the effect on 

read  length  and  total  output  of  an  alternative  phenol-based  genomic  DNA 

purification protocol using AS3.

Figure 2. Summary of ONT sequencing experiment results. A. Comparison of the 

N50 value and the total output of each sequencing run of the four analyzed samples 

(in different colors). Diverse sequencing protocols using whole genome sequencing 

(WGS) or adaptive sampling (AS2/AS3) and DNA isolation methods (Monarch HMW 
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or phenol) are indicated by different shapes, whereas empty symbols indicate the 

use of fresh cells as starting material. B. Enrichment ratio between the read depth 

inside and outside the targeted regions (depth in/out) of each sample for diverse 

types of sequencing (black dots), showing a 6-7-fold average enrichment in AS2 or 

AS3 compared to WGS (colored bars). C. Average proportion of genotypes obtained 

for the analyzed inversion regions normalized to the number of AS2 or AS3 targets 

(%, colored bars). Values for each sample (black dots) show considerable variation 

due mainly to sequencing output differences.

In the different sequencing experiments with the Monarch-extracted DNA, 

we obtained an N50 of 32-79 kb, with consistent values when the same library was 

sequenced  and  no  significant  differences  between  WGS  and  AS  (Fig.  2A; 

Supplemental  Table  S2).  However,  the  phenol-based  DNA  extraction  method 

resulted in significantly larger N50, ranging from 79 to 118 kb (Fig. 2A). Also, long-

term storage of the cells appears to reduce genomic DNA integrity and read length, 

with DNA isolated from fresh cells by phenol resulting in higher N50 values than 

DNA isolated from cells stored at -80  °C for a year (mean of 117.7 vs 87.9 kb, 

respectively), whereas the N50 of the DNA extracted with the Monarch kit from 

NA12156 cells kept for 8 years at -80 °C showed clearly the lowest average N50 (50.6 

kb) (Fig. 2A). In terms of output, both Monarch AS2 and AS3 experiments yielded an 

average of 3.3 and 3.1 Gb compared to 9.5 Gb for WGS, which corresponds to a ratio 

of 2.4, 2.0 and 5.5 Mb/nanopore, respectively (Fig. 2A; Supplemental Table S2). Thus, 
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our results suggest that read length depends mainly on sample preparation, while 

the amount of sequence data is reduced by ~3-fold in AS compared to WGS.

Regarding the efficiency and specificity of AS sequencing, we observed a 

similar average increase on the coverage of the targeted inversion regions for the 

Monarch AS2 (7.1-fold) and AS3 (6.9-fold) results, which is quite consistent across 

samples  (Fig.  2B).  Dividing  the  genome  into  10-kb  windows  showed  a  clearly 

different distribution of the average fold enrichment between targeted and non-

targeted windows (Supplemental Fig. S2; Supplemental Fig. S3A) and a significant 

correlation of the mean enrichment of the different target regions common in AS2 

and AS3 (r = 0.35, P < 0.001; Supplemental Fig. S3B). Still, in both AS datasets a small 

proportion of non-targeted windows display increased coverage values comparable 

to that of targeted windows (Supplemental Fig. S2; Supplemental Fig. S3A), which 

could be due to a significant excess of repetitive elements and/or SDs in these 

regions and homology between AS targets and repeated sequences (Supplemental 

Fig. S3C).

When considering inversion genotyping, Monarch AS2 and AS3 sequencing 

experiments provide respectively an average of 1.9 and 1.7 times more informative 

reads for inversion genotyping than WGS (Supplemental Table S2), which results 

from a trade-off between the higher  enrichment  and the lower  output  of  AS. 

Similarly, depending on each run results, up to 65% of the targeted inversions could 

be successfully genotyped in a single MinION flow cell, and this value is 1.9-2.5-
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times higher in AS2 (mean = 36.9%) or AS3 (mean = 46.0%) than in WGS (mean = 

15.0% and 24.3% for AS2 and AS3 targets, respectively) (Fig. 2C; Supplemental Table 

S2). Even though phenol-extracted DNA generated significantly longer reads, with 

N50 >100 kb from fresh cells, this did not result in better inversion genotyping 

(mean = 39.4%), probably because the longer molecules yielded less total sequence 

reads (Fig. 1A,C). When the data of the different sequencing experiments of the 

same sample are merged, 87-91% of the inversions could be genotyped in each 

individual.

Large-scale inversion genotyping in humans

To obtain a good picture of human polymorphic inversions mediated by IRs, 

we applied the inversion genotyping pipeline to a diverse set of 54 individuals with 

publicly available ONT data, including those sequenced in this study (Supplemental 

Table S3). The analysis showed a high genotyping success (>87%) of the candidate 

inversion regions in all the samples (Fig. 3A). As expected, the sample genotyping 

rate is correlated with the sequencing depth and especially N50, with 99% of the 

inversions being genotyped in the samples with N50 >100 kb (Fig. 3B). Similarly, the 

distance  between  probe  sequences  at  both  sides  of  the  breakpoints  reduces 

inversion genotyping success due to a lower number of reads crossing the IRs (Fig. 

3C).  In  fact,  inversions  with  probe  sequences  separated  by  >100  kb  could  be 

genotyped on average in only 47.0% of the samples.
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Figure 3. Genotyping success of candidate inversion regions from ONT data in 54 

individuals. A. Summary of inversion genotyping results by individual (612 for males 

and 587  for  females,  excluding 25  inversions  located in  Chr.  Y),  with  resolved 

genotypes in green, low confident genotypes due to a reduced number of reads in 

yellow, and those with no supporting reads (not determined, ND) in grey. B. N50 

values and total number of reads for each sample, showing the genotyping success 

rate in a red to blue scale. C. Genotyping success of candidate inversion regions as a 

function  of  the  average  distance  between  the  probe  sequences  flanking  the 

breakpoints. Additional SVs detected in the analyzed regions, some of which can 

affect genotyping success, are indicated in different colors. 
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We detected the two orientations in at least one of the 54 individuals (not 

counting the hg38 reference genome to avoid possible assembly errors) in 155 of 

the 612 inversion regions tested (25.3%). The minor allele frequency (MAF) of the 

detected inversions  ranged from 0.01  to  0.49,  with  78.1% of  the  polymorphic 

inversions  being  widespread  across  populations  (Supplemental  Table  S1; 

Supplemental Table S3). However, the regions identified as polymorphic inversions 

varied depending on their origin, with two alleles detected in these individuals in all 

but  three  of  the  58  previously  known inversions  (94.8%),  83  of  the  additional 

candidate inversions merged from five different studies (55.3%), 11 of other PEM 

predictions that had not been validated before (12.9%), and, as expected, only 6 of 

the inverted SD pairs (1.9%) (Fig. 4A). The previously known inversions not found 

here correspond to two very low-frequency inversions (HsInv0486 and HsInv0626), 

and HsInv1869, which could be an hg38 assembly error since only inverted alleles 

are found in all analyzed samples (Supplemental Table S3). Regarding the data from 

recent  SV  studies,  a  similar  proportion  of  real  inversions  was  found  using  a 

multiplatform approach or long reads (75.2-81.0%), with a slightly lower success for 

those relying only in Bionano optical maps (66.2%), although it is also the study 

analyzing  a  larger  number  of  samples  (Fig.  4B).  The  remaining  67  inversion 

candidates not detected as polymorphic were predominantly detected only in one 

or  two  studies  (47),  which  could  represent  false  predictions  or  low frequency 

variants. Those found in three or more studies correspond mainly to possible hg38 

reference genome assembly errors, including 13 that had been already confirmed 

experimentally (Vicente-Salvador et al. 2017; Antonacci et al. 2010). Also, there were 
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a few inversion candidates in complex regions with different breakpoint SD pairs 

that resulted in different possible inversions in which only one was validated, or that 

showed low genotyping success caused by the length of the repeat blocks. Also,

thanks to the ONT data, two validated reference genome errors (Vicente-Salvador 

et al. 2017) turned out to be low frequency inversions (HsInv0057, HsInv1119). We 

also investigated the reasons why the Porubsky et al. (2022) study that focuses on 

inversions, did not detect 37 polymorphic inversions identified here. We found that 

57% of these inversions had low frequency or were small, 24% overlapped with 

variants that had been classified as inverted duplications (and therefore excluded 

from our  list  of  candidates)  or  with  slightly  different  breakpoints,  and for  the 

remaining  19%  there  was  no  variant  called  without  a  clear  explanation.  This 

highlights the ability of our approach to detect inversions that had been previously 

missed.
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Figure 4. Comparative analysis of inversions identified in this and previous 

studies. A. Mosaic plot representing the proportion of the 612 analyzed regions 

derived from different sources (bar width, with the number of regions indicated in 

the top part) and those that were detected in ONT data as polymorphic inversions 

(dark color) or not (light color). B. Mosaic plot representing the candidate regions 

from each of the merged SV studies included in our analysis (bar width with the 

total number indicated in the top part) and the percentage detected as 

polymorphic inversions (dark color) or not (light color). C. Concordance of ONT 

genotypes with PCR-based experimental data (separated by dashed line) and five 

other studies analyzing the same samples and inversion regions (left Y axis). 

Genotypes are classified as concordant, having extra or missing inverted alleles, 

or not determined (ND) in ONT data or the other study used for comparison. Black 

dots represent the number of inversions compared in each dataset (right Y axis).

Accuracy of ONT inversion genotypes

We performed different comparisons to demonstrate the accuracy of the 

methodology. First, we checked the genotypes of the polymorphic inversions in five 

parent-child trios included in our dataset (Supplemental Table S3). Only 2 of the 652 

trio comparisons showed discordant results (99.7% concordance): HsInv0808 in the 

HG002 Ashkenazi trio child that showed a single O2 read and 31 O1 reads, which 

was insufficient to call it as heterozygote, and HsInv0278 in the HG00731 Puerto-

Rican  trio  father,  with  35  O2  reads,  that  in  previous  studies  already  showed 

discrepant calls  as O2 homozygote  (Chaisson et  al.  2019) and as heterozygote 
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(Porubsky et al. 2022). In addition, by checking the PCR-based genotypes of 54 

inversions in 10 individuals included in the present analysis (Giner-Delgado et al. 

2019; Puig et al. 2020; Lerga-Jaso et al. in prep.), we found that 452 of the 455 

genotypes  (99.3%)  were  concordant  (Fig.  4C),  and  all  three  discrepancies 

correspond apparently to errors in the experimental data. These involved a new 

inverted duplication identified from the long read data instead of the expected 

inversion  (HsInv0397  in  NA12156),  a  complex  duplicated  region  (HsInv0348  in 

NA18508) or an inversion with a high genotyping error rate (Giner-Delgado et al. 

2019) in which the 1000 Genome Project (1KGP) high-coverage data supports also 

the ONT results (Byrska-Bishop et al. 2022) (HsInv0045 in NA20509).

Next, we compared our results with those of four previous studies, taking 

into account the full genotype, if available, or just the presence or absence of the 

inverted allele  (Levy-Sakin et al. 2019; Chaisson et al. 2019; Audano et al. 2019; 

Porubsky et al. 2022) (Fig. 4C). A lower genotype concordance was observed with 

older studies, that rely either in one detection technique, such as Bionano optical 

maps (74.1% from 38 candidate inversions in 6 individuals) (Levy-Sakin et al. 2019) 

and  PacBio  long  reads  (83.1%  from  55  candidate  inversions  in  5  individuals) 

(Audano et al. 2019), or a multi-platform approach integrating the previous two 

techniques and Strand-seq (82.4% from 101 candidate inversions in 9 individuals) 

(Chaisson et al. 2019). Conversely, a recent large multi-platform analysis using the 

same techniques shows 95.1% genotype concordance from 146 inversion regions 

compared in 12 individuals (Porubsky et al. 2022).
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Finally, we checked how well the analyzed inversion regions are represented 

in the available diploid genomes of 14 males and 19 females from the draft human 

pangenome reference (Liao et al. 2023). We could compare 84.2% (16614) of all the 

genotypes, which showed almost perfect concordance with our results (98.8%, Fig. 

4C). However, most of the remaining genotypes could not be compared mainly due 

to  the  absence  of  assembled  sequences  crossing  the  breakpoints  in  some 

inversions  and  individuals  in  the  draft  human  pangenome  reference  (10.7%, 

2120). Thus, even though this new resource provides a good representation of 

polymorphic inversions, it still misses information in a significant fraction of regions 

or individuals.

Identification of other SVs and characterization of complex regions

After mapping the probe sequences on each read, the comparison of the 

actual distances between them with those expected in the hg38 reference genome 

or its inverted version allowed us to identify additional SVs in the tested regions. In 

total, we detected 577 deletions and insertions between 250 bp and 469 kb in either 

O1  or  O2  chromosomes  (Supplemental  Table  S4),  which  correspond  to  ~322

independent  SVs:  195  deletions,  89  insertions,  and  38  possible  copy  number 

variants (CNVs) (see Methods for details). Of those, there were 243 SVs between the 

probe sequences flanking one breakpoint,  65 between the two internal  probe 

sequences within the inverted segment, which could be only analyzed for part of 

the inversions shorter than 50-100 kb, and 14 deletions that remove one or more of 
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the  internal  probe  sequences.  We  observed  that  regions  with  polymorphic 

inversions contain more additional SVs (137 SVs in 76 regions (49.0%), with an 

average of 1.8 SVs per region) than those without inversions (185 SVs in 141 regions 

(30.9%), with an average of 1.3 SVs per region) (Fisher’s exact test P = 6 x 10-5). This 

could be due in part to a higher SD content in the regions with real inversions 

(58.6%  versus  40.7%)  and  it  is  consistent  with  increased  structural  diversity 

associated with inversions  (Porubsky et al. 2022). In addition, although our data 

only analyzed presence or absence of each SV in the reads of an individual, their 

frequency ranges from those found in only 1 out of 54 analyzed individuals to those 

found  in  all  of  them,  corresponding  probably  to  an  error  or  low-frequency 

haplotype in the reference genome (Supplemental Table S4), with 65.5% of them 

(211 SVs) detected in several individuals, which indicates that they are relatively 

common. The association of these additional SVs with inversion alleles could not be 

analyzed in more detail because for these SVs we do not have complete genotypes, 

but  presence/absence  information,  and  it  is  also  possible  that  these  data  are 

incomplete for some individuals with a low number of reads showing a discordant 

distance.  Also, in IR-mediated inversions it is not clear which is the ancestral or 

derived orientation and many of these additional SVs have been detected in both 

O1 and O2 chromosomes, so we cannot be sure of the inversion allele in which they 

were generated.

For some regions that accumulate several SVs, we combined the pipeline 

output and manual read analysis to identify multiple structural haplotypes. For 
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example, in HsInv0401 there is an 8.7-kb polymorphic inversion and a 12.7-kb CNV 

at one or both breakpoints that can have 2-5 copies per chromosome and result in 

nine configurations (Fig. 5A). We also characterized other types of complex regions, 

like that of HsInv0822-0816-0384, where three nested polymorphic inversions can 

generate  up  to  eight  different  haplotypes  (Porubsky  et  al.  2022) of  which  we 

detected six. Similarly, in the HsInv0012-0659 region, a polymorphic inversion, a 

CNV with 0-2 copies, two insertions and a deletion generate at least five different 

haplotypes (Fig. 5B).

Figure 5.  Examples of structural diversity at complex inversion regions resolved 

with ONT long reads. A. HsInv0401 includes a 12.7-kb CNV with up to five copies per 

chromosome (blue arrows) located within the inverted repeats at both sides of the 

inverted sequence (red arrow). B. HsInv0012-0659 includes a polymorphic inversion 

(red, orange and purple arrows), a 44-kb duplication and deletion (blue arrows) and 

an 18-kb insertion (green arrow). In this case, the hg38 reference genome sequence 

is not supported by any other assembly we analyzed so far and might represent an 
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assembly error. In both images, grey arrows correspond to non-variable regions of 

inverted SDs and numbers indicate the size of the different segments in kb.

DISCUSSION

Despite ongoing efforts to identify the whole genetic variation in humans 

(Sudmant et al. 2015; Byrska-Bishop et al. 2022; Levy-Sakin et al. 2019; Chaisson et 

al. 2019; Audano et al. 2019; Collins et al. 2020; Ebert et al. 2021; Porubsky et al. 

2022; Gustafson et al. 2024; Schloissnig et al. 2025), a detailed characterization of 

the  different  types  of  SVs  found  is  needed  to  determine  precisely  how  many 

variants  there  really  are  and  their  mutational  effects.  Here,  by  doing  a 

comprehensive analysis of the latest human SV information, we have created an 

accurate catalogue covering a large fraction of human inversions mediated by IRs, 

which typically escape most analysis. In addition, we have developed an entire 

bioinformatic  and  experimental  approach  to  genotype  complex  inversions  not 

matched  by  other  available  techniques.  This  includes  a  new  easy-to-use 

bioinformatic  package that  generates highly  reliable  inversion genotypes from 

different types of long read data (Schloissnig et al. 2025). Furthermore, by testing 

different DNA extraction, library preparation and sequencing protocols, we have 

shown that the combination of ultra long ONT reads and AS constitutes an efficient 

method to analyze most human inversions mediated by IRs in a single experiment, 

which reduces enormously the amount of  time and effort required.  Finally,  by 

taking advantage of ONT long read data from multiple individuals, we have been 

able to: (1) confirm the existence of 155 polymorphic inversions, including several 
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not previously detected; (2) identify more than 300 additional SVs in the analyzed 

regions; and (3) resolve several complex regions with different rearrangements 

generating structurally diverse haplotypes that deserve further study. 

In fact, ONT long reads represent a more direct way to identify inversions 

and characterize complex regions than other available techniques,  since it  just 

depends on the mapping of long stretches of DNA, which works better than that of 

shorter  sequences,  especially  for  repeats.  For  example,  around half  of  the IR-

mediated inversions from recent studies were not detected in our analysis (Fig. 4A). 

Part of the discrepancies can be because not the same individuals are interrogated 

and  others  correspond  to  potential  assembly  errors  in  the  human  reference 

genome (Vicente-Salvador et al. 2017). However, our results suggest that there is 

still a significant proportion of false predictions, which is illustrated by the 6-60 extra 

inversion calls in the different studies with respect to the ONT data in the few 

individuals compared (Fig. 4C). This is especially evident in the case of older PEM 

inversion predictions  (Martínez-Fundichely et al. 2014), with 87.1% of those not 

already validated or present in the recent studies not detected in our analysis (Fig. 

4C), despite half of the analyzed individuals in both cases are the same, which 

suggests that they were probably errors caused by individual variation within SDs. 

Moreover,  most  previous  studies  capture  only  part  of  the  actual  polymorphic 

inversions.  Therefore,  our  high-quality  inversion  benchmark  constitutes  a  very 

useful  resource  for  SV detection projects  and future  attempts  to  represent  all 
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human structural  diversity  (Wagner et al.  2022),  such as the new draft  human 

pangenome reference (Liao et al. 2023).

Another important contribution is the generation of precise genotypes for 

most inversions mediated by IRs, including many challenging variants that could 

not be analyzed before. Specifically, we show that ONT inversion results allow us to 

correct three existing errors from PCR-based techniques (Giner-Delgado et al. 2019; 

Lerga-Jaso et al. in prep.). Long read mapping has the advantage that avoids some 

problems of other methods, like the need for restriction sites in specific positions, 

and it is more robust to different types of variation that cause genotyping errors, 

such  as  gene  conversion  (Giner-Delgado  et  al.  2019).  Also,  since  the  analysis 

depends on sequences located outside the IRs, any type of recurrence event that 

occurs between them can be detected. Accordingly, the design of the assays is very 

flexible and can cover a wide range of inversions, the only limitation being having 

reads longer than the IRs and finding uniquely-mapping probe sequences at each 

side. Furthermore, the actual read sequence provides extra information that allows 

us to identify SNPs or resolve other SVs, as in the low frequency inverted duplication 

of HsInv0397 and complex regions analyzed here. Still, the high variability of these 

repeated regions can make that some specific haplotypes are not detected properly 

and give inconsistent results,  as happened with several of the initial  candidate 

inversions. Regarding previous studies, apart from the draft human pangenome 

reference,  we  found  the  best  genotype  concordance  with  the  most  recent 
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multiplatform analysis (Porubsky et al. 2022), although ONT sequencing achieves 

this performance with a lower cost and effort than the different techniques used.

The optimization of the sequencing protocol showed that ONT AS strategy 

obtains a significant and quite-specific enrichment of sequence reads from the 

regions of interest, which is somehow compensated by a lower total sequencing 

output of each run (probably as a result of reduced activity and lifetime of pores 

during AS) (Payne et al. 2021; Kovaka et al. 2021), resulting finally in just a ~2-fold 

increase in the inversions genotyped compared to sequencing the whole genome. 

The combination of AS and the appropriate DNA extraction and library preparation 

methods to generate ultra long reads with N50 up to 70-100 kb allows us to identify 

consistently  40-60%  of  inversions  in  each  individual  MinION  flow  cell,  which 

increases to ~90% by pooling the data from 3-4 flow cells together. This is equivalent 

to the results obtained from other available high-coverage genomes (Fig. 3A) and it 

means  that  the  whole  set  of  inversions  could  likely  be  analyzed  in  a  single 

PromethION flow cell.

As  seen in  Fig.  3C,  one of  the  main  limitations  is  the  size  of  inversion 

breakpoint IRs, with genotyping success decreasing quickly for IRs over 50 kb. 

Similarly, genotyping success of the samples increases as the reads get longer 

(higher N50), although good genotyping can also be obtained with lower N50 and 

more coverage, since there are still enough long reads to genotype most inversions 

(Fig. 3B). In addition, according to our results, using fresh cells is important to 
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extract the longest DNA molecules and increase N50 (Fig. 1A). However, there is a 

well-known trade-off between read length and sequencing output with ONT, so that 

higher N50 values do not necessarily mean more genotyped inversions, as happens 

for the samples extracted using the phenol protocol (Fig. 3C). Thus, ONT inversion 

genotyping depends on a balance between several factors with opposing effects, 

such as read length, number of sequences and sequence selection affecting pore 

survival.

Accurate genotypes of SVs in multiple individuals are crucial to determine 

their functional effects and their association with phenotypic traits and disease 

susceptibility. By extending the current work to the increasing amount of available 

ONT genome data  (Gustafson et  al.  2024;  Schloissnig et  al.  2025),  it  would be 

possible to investigate a diverse set of inversions in a large number of individuals. 

These  genotypes  will  help  to  improve  inversion  imputation  in  functional  and 

phenotypic data, especially for recurrent inversions, of which there is very limited 

information (Giner-Delgado et al. 2019; Puig et al. 2020; Lerga-Jaso et al. in prep.; 

Porubsky et al. 2022). Also, the additional genotypes will provide a better estimate 

of inversion frequency and distribution across human populations. It is important 

to mention that a small fraction of inversions with extremely long IRs (>150-200 kb) 

cannot be detected with long reads and require more specialized techniques like 

Strand-seq (Sanders et al. 2016; Porubsky et al. 2022). In addition, as illustrated by 

the Fig. 5 examples and other recent studies (Ebert et al. 2021; Porubsky et al. 2022; 

Schuy et al. 2022; Bolognini et al. 2024; Logsdon et al. 2025) there is an increasing 
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number of complex genomic regions with multiple structural haplotypes, including 

different inversions, that need to be investigated in more detail. Nevertheless, ONT 

sequencing improves extraordinarily current inversion analysis and opens the door 

to the full characterization of one elusive type of human genetic variant for the first 

time. Due to the potential of the technology, it is expected that continued advances 

and method standardization would likely improve sequence accuracy, output and 

targeting. This will likely result in reduced costs and increase its widespread use to 

analyze inversions and other complex variants in basic and translational research 

(Dixon  et  al.  2023;  Xu  et  al.  2023;  Miller  et  al.  2021;  Stevanovski  et  al.  2022) 

contributing to a more complete picture of human genetic variation.

METHODS

Human samples

Lymphoblastoid cell lines (LCLs) of four unrelated females included in the 

1KGP were obtained from the Coriell Cell Repository and they were cultured in T75 

flasks at 37°C, 5% CO2 in DMEM medium, supplemented with antibiotics, 2 mM L-

glutamine (Gibco/Invitrogen) and 10% fetal serum (HyClone), until saturation. Cells 

were harvested and pellets were stored at -80oC or used directly for DNA isolation. 

Also, we used available ONT sequencing data from 50 additional individuals of 

diverse origins generated mainly by the T2T Consortium (1) (Nurk et al. 2022), the 

Genome  in  a  Bottle  Consortium  (7)  (Zook  et  al.  2016),  the  Human  Structural 

Variation  Consortium  (11)  (Porubsky  et  al.  2022) and  the  Human  Pangenome 

Reference  Consortium (31)  (Liao  et  al.  2023))  (Supplemental  Table  S1).  All 
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procedures that involved the use of human samples were approved by the Animal 

and  Human  Experimentation  Ethics  Committee  (CEEAH)  of  the  Universitat 

Autònoma de Barcelona.

Generation of the inversion dataset

To generate the dataset of candidate inversions, first we merged all 58 previously 

characterized inversions with IRs (Giner-Delgado et al. 2019; Puig et al. 2020; Lerga-

Jaso et al. in prep.) and 1528 candidate inversions from five different studies: Levy-

Sakin et al. (2019) (314), Chaisson et al. (2019) (320), Audano et al. (2019) (220), Ebert 

et al. (2021) (315), and Porubsky et al. (2022) (359). IRs at the predicted breakpoints, 

formed by SDs or other type of repetitive elements, were identified from the UCSC 

Genome Browser hg38 human assembly SD track (https://genome.ucsc.edu) or by 

BLAST (>90% identity) of the extended inverted region against itself. Those variants 

with both breakpoints located respectively within the same IR pair were considered 

to  represent  the  same  inversion.  When  several  SD  pairs  overlapped  the 

breakpoints, then different possible inversions were generated and tested. Second, 

we took all the inversion predictions generated by PEM of longer fragments (Korbel 

et al. 2007; Kidd et al. 2008) in the InvFEST database  (Martínez-Fundichely et al. 

2014) and removed those matching regions already identified in the previous step. 

The remaining predictions with inverted SDs or IRs at the breakpoints, assessed as 

before, were added to the dataset. In both cases, regions without IRs, containing 

complex repeat structures or large gene families, breakpoints within SD blocks 

>200 kb, or inverted regions <50 bp, were excluded. Third, a more limited set of 
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other IRs that could result in inversions were obtained by selecting inverted SDs of 

1-50 kb of length and separated by less than 250 kb from the UCSC hg38 SD track. 

According to SD definition, these sequences have a minimum of 90% identity and 

cannot be formed entirely by other types of repeat sequences, such as transposable 

elements (like LINEs or SINEs) or simple repeats. Inverted SDs that had a reciprocal 

overlap larger than 80% were merged with BEDTools v2.30.0  (Quinlan and Hall 

2010) and the coordinates of the merger were used. Only those regions not already 

included were added to the final inversion list.  Finally,  additional extra regions 

previously identified as assembly errors in the reference genome that had IRs at 

both breakpoints (Vicente-Salvador et al. 2017) were also added to the analysis.

DNA isolation and library preparation

High molecular weight genomic DNA was obtained by two different methods 

following the protocol specifications: (1) the Monarch HMW DNA Extraction Kit for 

Cells & Blood (New England Biolabs) starting from ~6 million cells; and (2) a phenol-

based isolation protocol optimized to obtain ultra-long reads for ONT sequencing 

(Gong et al. 2019) starting from 20-30 million cells. DNA was resuspended in 200 to 

760 μl of EEB buffer (10 mM Tris-HCl, 1 mM EDTA pH 9 and 0.5% Triton X-100). DNA 

concentration was measured shearing 10 μl  by vortexing and using the Qubit 

Fluorometric Quantification and the AccuGreen Broad Range dsDNA Quantitation 

Kit reagents (Biotium). Sequencing genomic libraries were prepared with the Ultra-

Long DNA Sequencing Kit V14 (ONT) following the manufacturer’s instructions. DNA 

libraries were dissolved in 300 μl of Elution Buffer (10 mM Tris-HCl, pH 8.0) and kept 
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at 4 oC. During these steps, DNA samples were always handled with care using wide-

bore tips, without being vortexed, shaken, or centrifuged at high speed to avoid 

DNA shearing.

ONT sequencing

Sequencing  was  performed using  a  MinION Mk1B or  Mk1C device  and 

R10.4.1 flow cells (ONT). Flow cells ran approximately for 3-5 days with flushes every 

24 hours and each time 37 μl of library were loaded into the flow cell. The MinKNOW 

software (version 22.12.5 to 23.04.3) was used to run the sequencing assays, and 

high-accuracy (HAC) basecalling was performed with Guppy (version 6.4.6 to 6.5.7) 

(https://nanoporetech.com/).  Real-time  adaptive  sampling  was  done  using 

MinKNOW  in  a  Windows  10  2009  computer  with  an  AMD  Phenom  II  X4  955 

processor, 16 GB of RAM and a PNY Nvidia GTX 1080 GPU. Two different versions of 

a FASTA file with the target sequences were used: AS2, an initial set including only 

132 candidate inversions regions; and AS3, the final set that contains 587 of the 612 

inversions interrogated (Supplemental Table S1). Targeted regions in AS2 and AS3 

files spanned, respectively, 40 or 70 kb of sequence at both sides of the IRs at 

inversion  breakpoints,  excluding  the  actual  IRs  to  avoid  generation  of  non-

informative  reads  that  do  not  cross  the  breakpoint.  Average  sequencing 

enrichment in adaptive sampling was obtained by the ratio of the coverage of 

targeted and non-targeted regions in each run. Supplemental Table S6 summarizes 

the information of all  the sequencing runs generated in this work, which were 

33



merged together in the final genotyping of each of these samples to maximize the 

number of inversions resolved.

Inversion genotyping

As explained above, inversions were identified by mapping a set of four 

specific probe sequences flanking the inversion breakpoints on ONT reads (Fig. 1A). 

Probe sequences were designed by a combination of manual analysis and a custom 

script that generates 500-bp sequences with a 250-bp overlap along the inversion 

region  (extending  up  to  100  kb  at  each  side  of  the  external  limits  of  the 

breakpoints). Manually and automatically generated sequences were used as query 

on BLASTN v.2.12.0 (Altschul et al. 1990) against the inversion region ± 500 kb in the 

hg38  and  T2T  reference  genomes  with  parameters  -perc_identity  80  and  -

qcov_hsp_perc 90, and those closest to the breakpoint and showing a single hit 

were  selected.  Selected  sequences  were  tested  for  inversion  genotyping  (see 

below) and they were manually adjusted when needed to avoid specificity problems 

caused by unexpected variation.

The inversion genotyping pipeline consisted of multiple steps represented in 

Supplemental Fig. S1 that use different computer programs and custom scripts. 

These programs and scripts,  including the probe sequence design,  have been 

joined together in a new package named GeONTIpe (v1.0), which was developed 

with Snakemake v.7.32.4 (Köster and Rahmann 2012). Briefly, ONT reads with less 

than 5 kb of length and quality of 7 were filtered out using NanoFilt v.2.8.0  (De 
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Coster and Rademakers 2023) and total sequence output, number of reads and N50 

of  each sequencing run were obtained with  NanoPlot  v.1.40.2  (De Coster  and 

Rademakers 2023). Next, filtered reads were mapped against the hg38 reference 

genome with minimap2 v.2.23-r1111 (Li 2021) using the following parameters: ax 

map-ont -z 400,100 -r 100,1000 --secondary=no. Unmapped and mapped reads with 

MAPQ < 20 were removed from the alignment file using SAMtools v.1.14 (Danecek 

et al. 2021), whereas reads mapping to each inversion region (external inversion 

breakpoint coordinates ± 100 kb) were selected. Specific inversion probe sequences 

were then mapped to the reads of the corresponding region using BLASTN v.2.12.0 

with  parameters  -task  megablast  -outfmt  "6  sstart  send  slen  sstrand"  -

qcov_hsp_perc 90 -sorthits 4, and the inversion allele of the individual reads was 

determined  from  the  relative  order,  orientation  and  distance  of  the  probe 

sequences at both sides of the breakpoint.  To ensure that genotypes for each 

inversion and sample are as reliable as possible, they were defined by the number 

of  informative  reads  supporting  each  orientation  as:  (1)  homozygote,  if  one 

orientation  is  supported  by  ≥5  reads  for  autosomes  and  Chr.  X  in  females 

(corresponding to a binomial p-value of being heterozygote of less than 0.031), 

which is reduced to ≥2 reads for haploid Chr. X and Y in males, and there are <5% 

reads of the other orientation (which allows for the presence of 1-2 inconsistent 

minoritary reads in inversions with high coverage); (2) heterozygote, when there are 

≥1 O1 and O2 reads and they represent at least 15% of the total reads, to avoid 

incorrect genotype calls based on a few spurious reads; and (3) low confident, when 

there  are  insufficient  reads  or  a  small  proportion  of  reads  (5-15%)  of  one 
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orientation,  which  could  correspond  to  different  types  of  errors  or  other 

rearrangements that are harder to characterize. Moreover, for low confident cases 

with <5 reads supporting the same inversion orientation, we analyzed known SNPs 

to test if both chromosomes are already represented in these few reads and recover 

additional genotypes. Biallelic SNPs within the inversion region were selected from 

dbSNP  (Sherry  et  al.  2001) and  those  with  <15%  frequency  or  identified  as 

homozygotes in the target samples in the 1KGP data were filtered out  (Byrska-

Bishop et al. 2022). SNPs present in informative reads with alleles concordant to 

those expected were used to calculate a distance between reads (value between 0 

and 1)  and create a dendrogram with the Hclust  function of  the R 4.1.2 Stats 

package (R Core Team 2017). Read clusters showing a distance higher than 0.5 were 

considered as different haplotypes belonging to an homozygote for the supported 

orientation.

Additional SVs of more than 200 bp in the inversion regions were detected by 

a >5% discrepancy between the expected and the observed distance among the 

normal combinations of the four probe sequences (AB, CD, AC, BD, BC, and AD) in 

>15% of reads with the same orientation (Supplemental Table S4). The distance 

difference was then used to classify the SV as either an insertion or deletion and to 

determine its size. The number of independent additional SVs was determined by 

removing the variants present in all O1 or O2 chromosomes (which could have been 

generated in the same mutational event than the inversion or represent possible 

errors  in  the  reference  genome  or  in  the  generated  inverted  reference)  and 
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duplicated SVs with the same size detected separately in O1 and O2 chromosomes 

in  the  same  location  (including  insertions  and  deletions  exchanging  positions 

between O1 and O2 chromosomes that can be moved by the inversion). Multiple 

insertions and deletions located in the same region with sizes varying by a similar 

amount were considered CNVs and counted as a single SV. Cases with no internal B 

and C sequences and a size difference between A and D sequences compatible with 

a deletion in >15 % of the reads were classified as AD deletions (deletion of the 

entire inversion region) and one of the alleles of the individual was labelled as Del. 

Finally, when probe sequences showed incompatible orientation conformations, 

the  reads  were  classified as  errors,  suggesting  the  presence  of  potential  new 

haplotypes that require further analysis.

Genotype comparison

Comparison of ONT inversion genotypes with those already available was 

done based on the inversions from the merged dataset detected in each of the 

previous studies depending on whether the information available included actual 

genotypes (Porubsky et al. 2022; Chaisson et al. 2019; Lerga-Jaso et al. in prep.) or 

just the presence or absence of the inversions (Levy-Sakin et al. 2019; Audano et al. 

2019). Cases when several inversions in a study are associated with the same one in 

the ONT data were not taken into account. Analysis of the draft human pangenome 

reference samples with available paths involved the conversion of the pggb draft 

(Liao et al. 2023) into sequences. Hg38 coordinates were used as input to select 

paths and nodes with Odgi v0.8.3 extract function (Guarracino et al. 2022) and odgi 
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paths with parameter -f was applied to convert the odgi into FASTA format. The 

obtained output was used to run the inversion genotyping pipeline with default 

parameters, considering that there is only one sequence per haplotype.

DATA ACCESS

All sequencing data generated in this study have been submitted to the NCBI 

Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) under accession 

number PRJNA1271287. The code of the GeONTIpe inversion genotyping package 

is  available  in  GitHub  (https://github.com/caceres-lab/GeONTIpe)  and  as 

Supplemental code (distributed under the MIT License). Inversion genotypes are 

available in the Supplemental Material and they have been deposited in dbVar 

(accession number nstd248).

COMPETING INTEREST STATEMENT

The authors declare no competing interests.

ACKNOWLEDGEMENTS

We thank Jim Thomas, Olga Francino, Michael Vieyra and the ONT Technical Support 

team  and  multiple  ONT  users  for  advice  and  technical  support  about  DNA 

extraction  and  nanopore  sequencing,  Carles  Acosta  for  help  with  the 

38



implementation of the genotyping pipeline in a supercomputer environment, David 

Porubsky and Jan Korbel for suggestions about the development of the Snakemake 

package, Odei Blanco for individual inversions quality control  information, and 

Adrià Mompart for thorough GeONTIpe testing. The data processing and analysis 

tools have been developed, implemented and operated in collaboration with the 

Port  d’Informació  Científica  (PIC)  data  center.  PIC  is  maintained  through  a 

collaboration agreement between the Institut de Física d’Altes Energies (IFAE) and 

the  Centro  de  Investigaciones  Energéticas,  Medioambientales  y  Tecnológicas 

(CIEMAT). This work was supported by research grants PID2019-107836RB-I00 and 

PID2022-137615OB-I00 to MC and PID2023-146193OB-I00 to MAS funded by the 

Agencia  Estatal  de  Investigación  of  the  Ministerio  de  Ciencia,  Innovación  y 

Universidades  (MICIU/AEI/10.13039/501100011033,  Spain)  and  the  European 

Regional  Development  Fund  (ERDF,  EU),  2021  SGR  00526  support  to  research 

groups from the Departament de Recerca i Universitats (Generalitat de Catalunya, 

Spain) to MC, the predoctoral program AGAUR-FI Joan Oró grants 2021FI-B 00240 to 

RMP  and  2023  FI-1  00746  to  MDR  funded  by  the  Departament  de  Recerca  i 

Universitats (Generalitat de Catalunya, Spain), as well as the European Social Plus 

Fund, a Maria Zambrano Grant  from the  MICIU (Spain) funded by the European 

Union-NextGenerationEU to KK,  and Predoctoral Contract PRE-2020-092440 to IY 

(MICIU/AEI/10.13039/501100011033, Spain). MP is a Serra Húnter Fellow.

AUTHOR CONTRIBUTIONS

39



MC conceived the project, devised the study and oversaw all the steps. RMP and IY 

developed the inversion genotyping pipeline with help from AS, JMU, MP, and MC. 

RMP,  MP,  MDR,  and MC selected the inversion regions.  KK,  OC,  MAS,  and MP 

performed the ONT sequencing. RMP, KK, and MP analyzed the previously available 

and  newly  generated  ONT sequencing  data.  RMP,  KK,  MP,  and  MC  wrote  the 

manuscript, and all the authors contributed comments to its final version.

40



REFERENCES

Alkan C, Coe BP, Eichler EE. 2011. Genome structural variation discovery and 

genotyping. Nat Rev Genet 12: 363–376.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment 

search tool. J Mol Biol 215: 403–410.

Antonacci F, Kidd JM, Marques-Bonet T, Teague B, Ventura M, Girirajan S, Alkan C, 

Campbell CD, Vives L, Malig M, et al. 2010. A large and complex structural 

polymorphism at 16p12.1 underlies microdeletion disease risk. Nat Genet 42: 

745–750.

Audano PA, Sulovari A, Graves-Lindsay TA, Cantsilieris S, Sorensen M, Welch AE, 

Dougherty ML, Nelson BJ, Shah A, Dutcher SK, et al. 2019. Characterizing the 

major structural variant alleles of the human genome. Cell 176: 663-675.e19.

Beyter D, Ingimundardottir H, Oddsson A, Eggertsson HP, Bjornsson E, Jonsson H, 

Atlason BA, Kristmundsdottir S, Mehringer S, Hardarson MT, et al. 2021. 

Long-read sequencing of 3,622 Icelanders provides insight into the role of 

structural variants in human diseases and other traits. Nat Genet 53: 779–786.

Bolognini D, Halgren A, Lou RN, Raveane A, Rocha JL, Guarracino A, Soranzo N, 

Chin C-S, Garrison E, Sudmant PH. 2024. Recurrent evolution and selection 

shape structural diversity at the amylase locus. Nature 634: 617–625.

Byrska-Bishop M, Evani US, Zhao X, Basile AO, Abel HJ, Regier AA, Corvelo A, Clarke 

WE, Musunuri R, Nagulapalli K, et al. 2022. High-coverage whole-genome 

sequencing of the expanded 1000 Genomes Project cohort including 602 

trios. Cell 185: 3426-3440.e19.

41



Campoy E, Puig M, Yakymenko I, Lerga-Jaso J, Cáceres M. 2022. Genomic 

architecture and functional effects of potential human inversion supergenes. 

Philos Trans R Soc B 377: 20210209.

Chaisson MJP, Sanders AD, Zhao X, Malhotra A, Porubsky D, Rausch T, Gardner EJ, 

Rodriguez OL, Guo L, Collins RL, et al. 2019. Multi-platform discovery of 

haplotype-resolved structural variation in human genomes. Nat Commun 10: 

1784.

Choi J, Kim S, Kim J, Son HY, Yoo SK, Kim CU, Park YJ, Moon S, Cha B, Jeon MC, et al. 

2023. A whole-genome reference panel of 14,393 individuals for East Asian 

populations accelerates discovery of rare functional variants. Sci Adv 9: 

eadg6319.

Choudhury A, Aron S, Botigué LR, Sengupta D, Botha G, Bensellak T, Wells G, 

Kumuthini J, Shriner D, Fakim YJ, et al. 2020. High-depth African genomes 

inform human migration and health. Nature 586: 741–748.

Collins RL, Brand H, Karczewski KJ, Zhao X, Alföldi J, Francioli LC, Khera A V., 

Lowther C, Gauthier LD, Wang H, et al. 2020. A structural variation reference 

for medical and population genetics. Nature 581: 444–451.

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, Whitwham A, 

Keane T, McCarthy SA, Davies RM. 2021. Twelve years of SAMtools and 

BCFtools. Gigascience 10: 1–4.

De Coster W, Rademakers R. 2023. NanoPack2: population-scale evaluation of 

long-read sequencing data. Bioinformatics 39: btad311.

De Coster W, Weissensteiner MH, Sedlazeck FJ. 2021. Towards population-scale 

42



long-read sequencing. Nat Rev Genet 22: 572–587.

Dixon K, Shen Y, O’Neill K, Mungall KL, Chan S, Bilobram S, Zhang W, Bezeau M, 

Sharma A, Fok A, et al. 2023. Defining the heterogeneity of unbalanced 

structural variation underlying breast  cancer susceptibility by nanopore 

genome sequencing. Eur J Hum Genet 31: 602–606.

Ebert P, Audano PA, Zhu Q, Rodriguez-Martin B, Porubsky D, Bonder MJ, Sulovari 

A, Ebler J, Zhou W, Mari RS, et al. 2021. Haplotype-resolved diverse human 

genomes and integrated analysis of structural variation. Science 372: 

eabf7117.

Giner-Delgado C, Villatoro S, Lerga-Jaso J, Gayà-Vidal M, Oliva M, Castellano D, 

Pantano L, Bitarello B, Izquierdo D, Noguera I, et al. 2019. Evolutionary and 

functional impact of common polymorphic inversions in the human genome. 

Nat Commun 10: 4222.

Gong L, Wong C-H, Idol J, Ngan CY, Wei C-L. 2019. Ultra-long read sequencing for 

whole genomic DNA analysis. J Vis Exp 145: e58954.

Grochowski CM, Bengtsson JD, Du H, Gandhi M, Lun MY, Mehaffey MG, Park K, 

Höps W, Benito E, Hasenfeld P, et al. 2024. Inverted triplications formed by 

iterative template switches generate structural  variant diversity at genomic 

disorder loci. Cell genomics 4: 100590.

Guarracino A, Heumos S, Nahnsen S, Prins P, Garrison E. 2022. ODGI: 

understanding pangenome graphs. Bioinformatics 38: 3319–3326.

Gustafson JA, Gibson SB, Damaraju N, Zalusky MPG, Hoekzema K, Twesigomwe D, 

Yang L, Snead AA, Richmond PA, De Coster W, et al. 2024. High-coverage 

43



nanopore sequencing of samples from the 1000 Genomes Project to build a 

comprehensive catalog of human genetic variation. Genome Res 34: 2061–

2073.

Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alföldi J, Wang Q, Collins RL, 

Laricchia KM, Ganna A, Birnbaum DP, et al. 2020. The mutational constraint 

spectrum quantified from variation in 141,456 humans. Nature 581: 434–443.

Kidd JM, Cooper GM, Donahue WF, Hayden HS, Sampas N, Graves T, Hansen N, 

Teague B, Alkan C, Antonacci F, et al. 2008. Mapping and sequencing of 

structural variation from eight human genome. Nature 453: 56–64.

Korbel JO, Urban AE, Affourtit JP, Godwin B, Grubert F, Simons JF, Kim PM, Palejev 

D, Carriero NJ, Du L, et al. 2007. Paired-end mapping reveals extensive 

structural variation in the human genome. Science 318: 420–426.

Köster J, Rahmann S. 2012. Snakemake—a scalable bioinformatics workflow 

engine. Bioinformatics 28: 2520–2522.

Kovaka S, Fan Y, Ni B, Timp W, Schatz MC. 2021. Targeted nanopore sequencing 

by real-time mapping of raw electrical signal with UNCALLED. Nat Biotechnol 

39: 431–441.

Lerga-Jaso J, Campoy E, Puig M, Yakimenko I, Gómez-Graciani R, Moreira-Pinhal R, 

Soos T, Vilella A, Ramírez C, Giner-Delgado C, et al. Towards a complete 

characterization of human polymorphic inversions and their functional 

effects. In preparation.

Levy-Sakin M, Pastor S, Mostovoy Y, Li L, Leung AKY, McCaffrey J, Young E, Lam ET, 

Hastie AR, Wong KHY, et al. 2019. Genome maps across 26 human 

44



populations reveal population-specific patterns of structural variation. Nat 

Commun 10: 1025.

Li H. 2021. New strategies to improve minimap2 alignment accuracy. 

Bioinformatics 37: 4572–4574.

Liao WW, Asri M, Ebler J, Doerr D, Haukness M, Hickey G, Lu S, Lucas JK, Monlong J, 

Abel HJ, et al. 2023. A draft human pangenome reference. Nature 617: 312–

324.

Logsdon GA, Ebert P, Audano PA, Loftus M, Porubsky D, Ebler J, Yilmaz F, Hallast P, 

Prodanov T, Yoo D, et al. 2025. Complex genetic variation in nearly complete 

human genomes. Nature 644: 430–441.

Logsdon GA, Vollger MR, Eichler EE. 2020. Long-read human genome sequencing 

and its applications. Nat Rev Genet 21: 597–614.

Martínez-Fundichely A, Casillas S, Egea R, Ràmia M, Barbadilla A, Pantano L, Puig 

M, Cáceres M. 2014. InvFEST, a database integrating information of 

polymorphic inversions in the human genome. Nucleic Acids Res 42: D1027-32.

Mastrorosa FK, Miller DE, Eichler EE. 2023. Applications of long-read sequencing to 

Mendelian genetics. Genome Med 15: 42.

Miller DE, Sulovari A, Wang T, Loucks H, Hoekzema K, Munson KM, Lewis AP, 

Fuerte EPA, Paschal CR, Walsh T, et al. 2021. Targeted long-read sequencing 

identifies missing disease-causing variation. Am J Hum Genet 108: 1436–1449.

Nurk S, Koren S, Rhie A, Rautiainen M, Bzikadze A V., Mikheenko A, Vollger MR, 

Altemose N, Uralsky L, Gershman A, et al. 2022. The complete sequence of a 

human genome. Science 376: 44–53.

45



Payne A, Holmes N, Clarke T, Munro R, Debebe BJ, Loose M. 2021. Readfish 

enables targeted nanopore sequencing of gigabase-sized genomes. Nat 

Biotechnol 29: 442–450.

Porubsky D, Höps W, Ashraf H, Hsieh PH, Rodriguez-Martin B, Yilmaz F, Ebler J, 

Hallast P, Maria Maggiolini FA, Harvey WT, et al. 2022. Recurrent inversion 

polymorphisms in humans associate with genetic instability and genomic 

disorders. Cell 185: 1986-2005.e26.

Puig M, Casillas S, Villatoro S, Cáceres M. 2015. Human inversions and their 

functional consequences. Brief Funct Genomics 14: 369–379.

Puig M, Lerga-Jaso J, Giner-Delgado C, Pacheco S, Izquierdo D, Delprat A, Gayà-

Vidal M, Regan JF, Karlin-Neumann G, Cáceres M. 2020. Determining the 

impact of uncharacterized inversions in the human genome by droplet digital 

PCR. Genome Res 30: 724–735.

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for comparing 

genomic features. Bioinformatics 26: 841–842.

R Core Team. 2017. R: a language and environment for statistical computing. R 

Found Stat Comput.

Sanders AD, Hills M, Porubský D, Guryev V, Falconer E, Lansdorp PM. 2016. 

Characterizing polymorphic inversions in human genomes by single cell 

sequencing. Genome Res 26: 1575–1587.

Schloissnig S, Pani S, Ebler J, Hain C, Tsapalou V, Söylev A, Hüther P, Ashraf H, 

Prodanov T, Asparuhova M, et al. 2025. Structural variation in 1,019 diverse 

humans based on long-read sequencing. Nature 644: 442–452.

46



Schuy J, Grochowski CM, Carvalho CMB, Lindstrand A. 2022. Complex genomic 

rearrangements: an underestimated cause of rare diseases. Trends Genet 38: 

1134–1146.

Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, Sirotkin K. 2001. 

DbSNP: The NCBI database of genetic variation. Nucleic Acids Res 29: 308–311.

Stevanovski I, Chintalaphani SR, Gamaarachchi H, Ferguson JM, Pineda SS, Scriba 

CK, Tchan M, Fung V, Ng K, Cortese A, et al. 2022. Comprehensive genetic 

diagnosis of tandem repeat expansion disorders with programmable 

targeted nanopore sequencing. Sci Adv 8: 17.

Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A, Huddleston J, Zhang 

Y, Ye K, Jun G, Hsi-Yang Fritz M, et al. 2015. An integrated map of structural 

variation in 2,504 human genomes. Nature 526: 75–81.

The 1000 Genomes Project Consortium. 2015. A global reference for human 

genetic variation. Nature 526: 68–74.

Vicente-Salvador D, Puig M, Gayà-Vidal M, Pacheco S, Giner-Delgado C, Noguera I, 

Izquierdo D, Martínez-Fundichely A, Ruiz-Herrera A, Estivill X, et al. 2017. 

Detailed analysis of inversions predicted between two human genomes: 

errors, real polymorphisms, and their origin and population distribution. 

Hum Mol Genet 26: 567–581.

Wagner J, Olson ND, Harris L, McDaniel J, Cheng H, Fungtammasan A, Hwang Y-C, 

Gupta R, Wenger AM, Rowell WJ, et al. 2022. Curated variation benchmarks 

for challenging medically relevant autosomal genes. Nat Biotechnol 40: 672–

680.

47



Wellenreuther M, Bernatchez L. 2018. Eco-evolutionary genomics of chromosomal 

inversions. Trends Ecol Evol 33: 427–440.

Wu Z, Jiang Z, Li T, Xie C, Zhao L, Yang J, Ouyang S, Liu Y, Li T, Xie Z. 2021. 

Structural variants in the Chinese population and their impact on 

phenotypes, diseases and population adaptation. Nat Commun 12: 1–12.

Xu L, Wang X, Lu X, Liang F, Liu Z, Zhang H, Li X, Tian S, Wang L, Wang Z. 2023. 

Long-read sequencing identifies novel structural variations in colorectal 

cancer. PLoS Genet 19: e1010514.

Zook JM, Catoe D, McDaniel J, Vang L, Spies N, Sidow A, Weng Z, Liu Y, Mason CE, 

Alexander N, et al. 2016. Extensive sequencing of seven human genomes to 

characterize benchmark reference materials. Sci Data 3: 1–26.

48



140 Chapter 3. Results

3.2 Application of GeONTIpe to other datasets

In the first section, the development of GeONTIpe and its initial evaluation on a

dataset comprising 612 inversions and 54 individuals were described. As part of my

research stay at the EMBL, we decided to apply this tool to genotype inversions

to a larger dataset that was being generated at the time. This dataset included

1,019 samples from the 1000 Genomes Project (1000GP) and a set of inversions and

inverted duplications previously detected using Sniffles2 and Delly. The initial vali-

dation and classification of these variants had been performed using dot plots, which

confirmed the presence of each variant in a specific read and individual. Based on

this preliminary validation, I was provided with a BED file containing two break-

point coordinates for each variant, along with the variant type and the sample in

which it had been confirmed by dot plot inspection. The file contained a total of

558 variants, including simple inversions, inversions mediated by repetitive elements,

and several complex rearrangements that could involve sequence deletions and other

more intricate SVs (Table 3.1).

Table 3.1: Overview of inversion candidate types. Distribution of inversion
candidate classes provided across the dataset. Counts indicate the number of inver-
sion candidates assigned to each structural class.

Variant class Count

Simple inversion 221
Inversion and deletion 170
Short repeat-mediated inversion 50
Inverted duplication 38
Complex inversion 20
SD-mediated inversion 40
Paired deletion inversion 12
Two serial inversions 5
Cut and paste inversion 2

From these 558 variants, we removed those classified as inverted duplications, since

the GeONTIpe package is not designed to analyse this type of SVs. After filtering,

520 inversions of different categories remained for downstream analysis. The first

step was to define the putative BPs for these inversions, since GeONTIpe requires
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four coordinates to operate correctly. Given the uncertainty regarding the correct

breakpoint coordinates, we extended each provided position by 50 bp on both sides,

generating two potential 100 bp breakpoint regions for each variant.

Once these coordinates were established, we proceeded to design the probes nec-

essary for inversion genotyping. Several rounds of probe design were performed,

modifying both the percentage of required unique sequence and the probe length,

as many inversions were extremely small. Through this iterative optimisation, we

successfully designed probes for 407 of the 520 variants, corresponding to a success

rate of 78.26%.

With the probe set finalised, we first genotyped the variants in the sample in which

each inversion was initially confirmed by a dot plot. A probe was considered valid

when the corresponding sample showed evidence of the inverted allele on at least one

read. Although some comparisons between the dot plot inspection and GeONTIpe

results were not concordant, we proceeded to genotype all samples to determine

whether the inversion identified by the dot plot might be present in other additional

individuals.

In this inversion dataset, GeONTIpe has a mean genotyping performance of 95%

per inversion, indicating that most inversions could be successfully genotyped in the

majority individuals. In addition, only four variants exhibited performance below

50%. In particular, three of these variants were annotated as being mediated by

segmental duplications (SDs). In such cases, an imprecise definition of BPs can

negatively affect the genotyping process for these variants.

Using this approach, 393 inversions showed evidence of both alleles across the 1,019

available samples, supporting their validity. Of these, 130 variants exhibited a minor

allele frequency (MAF) of at least 1%. Additionally, for 36 variants, the major allele

corresponded to the orientation opposite to the GRCh38 reference. The remaining

14 inversions were not validated for several reasons. In 5 cases, all individuals carried

the inverted allele, potentially indicating an assembly error in the reference genome.

In 4 cases, although the inverted allele was detected by GeONTIpe, the genotype
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Figure 3.1: Distribution of variants according to genotyping outcome.
Stacked bar chart showing the distribution of variants by genotyping outcome.
Genotyped variants are subdivided into polymorphic (>1% or <1%), monomor-
phic, low-confidence, and erroneous calls. Non-genotyped probes include inverted
duplications and failed probe designs. Colors reflect these categories (grey = non-
genotyped, green = correct calls, red = problematic calls).

was classified as low confidence due to the low proportion of reads in which this allele

was observed. In addition, no additional samples showed evidence of the inversion.

These four cases exhibited genotyping performances above 97% and were distributed

as follows: in two of them, two samples were classified as low confidence genotypes,

while the remaining samples were homozygous for the standard orientation. In

the other two cases, only a single low confidence genotype was observed, and all

remaining samples were classified as standard. This pattern suggests that even if

these cases were conservatively interpreted as heterozygous genotypes, they would

likely correspond to singletons or inversions with extremely low allele frequency (AF)

(Figure 3.1).

Finally, in the remaining five cases, even though all of them presented a perfor-

mance of at least 94%, the only genotypes different from the standard orientation

consistently indicated errors. These corresponded to instances in which a substantial

proportion of reads within a sample exhibited probe patterns that were inconsistent

with the changes expected from the presence of an inversion. For these variants, a
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manual inspection of the selected reads was performed.

In some instances, the issue originated from an incorrect dot plot classification, where

an inversion was mistaken for an inverted duplication. In other cases, the region

exhibited greater complexity than initially expected, and the reads suggesting the

inverted allele were unreliable, ultimately invalidating the genotypes. Therefore, in

the end, a total of 407 inversions could be analysed in the available samples, finding

393 polymorphic inversions.

All work described in this section of the Results is included in the article entitled

“Structural variation in 1,019 diverse humans based on long-read sequencing”, which

is provided as Appendix A of this thesis.
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3.3 Generation of a complete inversion catalogue

Once the development of GeONTIpe as a tool for inversion genotyping was com-

pleted, it was applied to a couple of inversion datasets. As a next goal, we aim

to generate the most comprehensive catalogue of inversions to date. The objective

was to identify and genotype all types of inversions with a MAF of at least 1%.

This catalogue was generated by integrating the numerous variants reported in 13

different studies (Table 2.1), which include the dataset of 612 inversion candidates

used to create and benchmark GeONTIpe.

In addition to this primary objective, we also wanted to establish the basis for a

future release of InvFEST, which will incorporate both the information from the

original studies and the results of the various analyses performed in this section.

3.3.1 Merge of variants

The first step to build this catalogue was the creation of a harmonised table of

all the studies containing, for each variant, the following fields: chromosome, four

breakpoint-related coordinates, variant type, reported AF, samples carrying the

variant, and a unified identifier following a scheme similar to that used in InvFEST.

One of the most challenging aspects of constructing this table was obtaining all four

breakpoint coordinates, since most studies report only two per variant. Because the

exact precision of the different technologies used to generate these variant calls was

unknown, we defined a ±5 kb interval around each reported coordinate, as previously

done for InvFEST. Two exceptions were the InvFEST dataset and Campoy (2024),

both of which already provided all four breakpoint positions and could therefore be

used directly.

The next step consisted of merging all inversion predictions, both within and between

studies, that seem to correspond to the same inversion using their four-coordinate

breakpoint intervals. Specifically, when two independently reported variants showed

overlap intervals in both breakpoints (BPs), they were considered to represent the
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same inversion and were merged accordingly.

This strategy was first applied independently to each study in order to identify and

collapse redundant variants reported within the same dataset. Table 3.2 summarizes

the merging procedure applied to each study, reporting the initial number of variants,

the number of merged variants, and the final set of independent (non-redundant)

inversion candidates. In most studies, the procedure consisted solely of collapsing

overlapping variants based on their BPs within the same study. However, additional

processing steps were required for a subset of datasets, which includes whether AF

calculation or LiftOver.

For Chaisson et al. (2019), Levy-Sakin et al. (2019), Porubsky et al. (2023), Logsdon

et al. (2025) and Schloissnig et al. (2025), AFs were not directly provided and there-

fore calculated from available genotype or presence/absence information prior to

variant merging. Furthermore, studies based on the T2T-CHM13 assembly (Porub-

sky et al. (2023) and Schloissnig et al. (2025)) required the conversion of the coor-

dinates to GRCh38 using LiftOver. In the case of Porubsky et al. (2023), only 25 of

the 63 reported variants (39.7%) were successfully converted and no overlaps were

detected between the converted variants. Although Schloissnig et al. (2025) 731

variants were correctly converted, including 558 variants analysed in the previous

Results chapter of this thesis.

Among all datasets, InvFEST required the most extensive additional processing,

since variants were originally reported in the NCBI36 assembly. First, breakpoint

overlap was evaluated within the dataset, applying an additional reciprocal overlap

threshold of 75% using the external coordinates of the BPs (90% for variants larger

than 5 Mb), which reduced the number of variants from 1,819 to 1,594. The coordi-

nates of the variants affected by the assembly gaps were then corrected and the vari-

ants located entirely within the gap regions were removed, retaining 1,592 variants.

Then LiftOver was applied to convert the coordinates from NCBI36 to GRCh38,

resulting in 1,500 successfully converted variants. Finally, breakpoint overlap was

re-evaluated in GRCh38, yielding a final set of 1,493 independent, non-redundant

variants.
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Additionally, the complete set of 612 refined candidate inversions described in Sec-

tion 3.1 of this thesis was incorporated into the final merged catalogue as another

independent study.

After this initial round of redundancy filtering, the total number of variants was

reduced from 21,530 to 20,321. Table 3.2 summarises the evolution of the number

of variants and the processing steps applied to each study.

Table 3.2: Review of candidate merging by study. For each study, the number
of variants at the initial stage is reported. An “X” indicates whether allele frequency
(AF) calculation of the reported variants was required and if LiftOver was used
to convert variant coordinates between reference genomes, the number of resulting
variants is indicated. Finally, the number of merged variants is reported, together
with the total number of non-redundant variants identified for each study.

Study Initial AF count LiftOver Merged variants Final

1000GP 2986 - - 219 2767
gnomAD 13064 - - 398 12666
InvFEST 1819 - 1500 326 1493
Audano et al. (2019) 222 - - 15 207
Chaisson et al. (2019) 443 X - 107 336
Levy-Sakin et al. (2019) 380 X - 48 332
Ebert et al. (2021) 316 - - 10 306
Porubsky et al. (2022) 399 - - 8 391
Porubsky et al. (2023) 63 X 25 0 25
Campoy (2024) 195 - - 0 195
Schloissnig et al. (2025) 733 X 731 38 693
Logsdon et al. (2025) 298 X - 0 298
Moreira-Pinhal et al. (2025) 612 - - 0 612
Total 21530 - - 1169 20321

Once this first merging step was completed, the same strategy was applied to com-

bine the predictions between studies, merging candidate inversions only when both

BPs were identical in the respective study predictions. As a result, the total number

of variants was reduced from 20,321 to 15,605 (76.8%). Of these, 13,099 variants

(83.94%) were reported in a single study. Among these, gnomAD contributed the

largest number of study-specific variants, with a total of 10,782 variants not de-

tected in any other dataset. This outcome was expected, since gnomAD includes

the largest sample size and reports the highest number of variants overall. In con-

trast, Campoy (2024) did not report any variants unique to that study. This result
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was also anticipated, as InvFEST served as the primary source for the variants.

For the same reason, 1000GP, a previous version of which (1000GP Phase3) also

contributed to InvFEST and was analysed in detail in Campoy (2024), exhibited a

very high proportion of shared variants.

On average, individual studies shared 64% of their variants with at least one other

study, although this proportion was highly heterogeneous between datasets. Campoy

(2024) showed complete overlap, with 100% of its variants also reported in other

studies, while gnomAD shared only 14.8% of its variants. For studies based on

newer sequencing technologies, between 60% and 82% of the variants were shared

among studies (Figure 3.2). This pattern may be explained by the frequent use

of overlapping samples between studies and by the fact that Moreira-Pinhal et al.

(2025) already compiled some of the variants of the other studies. In addition, this

may also be due to the detection of common variants in multiple studies, especially

for the 247 variants shared by more than four studies.

3.3.2 Selection of variants for further analysis

After examining how these variants were shared between studies, a set of inver-

sion candidates was defined to be retained without further filtering. This subset

included the variants analysed by Moreira-Pinhal et al. (2025), Campoy (2024),

and Schloissnig et al. (2025) were included.

In the case of Moreira-Pinhal et al. (2025), although a substantial fraction of these

variants did not show evidence of polymorphic inversions in the initial analysis, the

availability of a well-established probe set motivated their continued evaluation in a

larger number of samples. Similarly, all variants reported by Schloissnig et al. (2025)

were also retained without filtering steps, as some probe sets used in the previous

Results section were directly applicable to this second analysis. Furthermore, some

variants reported in Campoy (2024) were also excluded from genotyping, with the

exception of the 56 variants mediated by inverted repeats (IRs) also included in

Moreira-Pinhal et al. (2025) and HsInv0573 (17q21.31). This was supported by

the availability of reliable genotypes for this dataset, obtained experimentally or by
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Figure 3.2: Shared variants by study. Bar plot showing the percentage of variants
shared by each study, classified according to the number of studies in which they
were detected, from study-specific variants to variants shared by one, two, three and
up to more than four different additional studies.

BreakSeq genotyping in 3,202 individuals from 1000GP.

After excluding these three studies from the filtering procedure, a total of 14,273

variants remained. For this pool of 14,273 variants, the first applied exclusion cri-

terion was MAF of more than 1% in at least one of the studies reported. According

to this criterion, 1,631 variants were selected. A second exclusion parameter was

the size of the variant. Variants larger than 10 Mb were discarded, as polymorphic

inversions of this magnitude were considered unlikely to be genuine and more likely

to represent detection artefacts. After applying this second exclusion criterion, a

total of 982 putative inversions remained and were selected.

Before proceeding to the next stage of the analysis, we examined the behaviour

of the 12,642 variants with a frequency below 1%. The study that contributed

the largest number of low-frequency variants was gnomAD, with 11,414 variants

(90.28%) identified in total. Of these, 10,098 variants were exclusively reported in
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this dataset. This result was expected given the substantially larger sample size

of this study compared to the others (Figure 3.3). The remaining variants (9.71%)

came from other studies, in which variant frequencies were often not reported, either

due to limited confidence in certain genotypes or due to missing data.

Figure 3.3: Origin of variants with less than 1% allele frequency. UpSet
plot showing variants with an allele frequency below 1% across the different studies.
Orange dots indicate the presence of variants in individual studies, and connecting
lines denote variants shared among studies. The upper bars represent the number
of variants in each combination, while the side bars indicate the total number of
variants per study.

3.3.3 Breakpoint definition

For the correct functioning of GeONTIpe, precise inversion BPs is required. For

variants reported by Moreira-Pinhal et al. (2025), this step was not necessary, since

BPs had already been manually curated and accurately defined in that study. In

contrast, variants reported by Schloissnig et al. (2025) lack this precise breakpoint

resolution and therefore required further refinement.
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Consequently, variants from Schloissnig et al. (2025) were included in the breakpoint

definition step together with the 982 candidate inversions retained after the filtering

procedure. This resulted in a final dataset comprising 1,564 variants for which

breakpoint refinement was performed.

Once this final dataset was established, breakpoint coordinates were further refined.

As an initial step, we explored the presence of segmental duplications (SDs) that

overlaps with BPs derived directly from the merging of variants. When a predicted

breakpoint overlapped with a pair of SDs in direct or inverted orientation, we verified

whether the original coordinates of each contributing variant coincided with that

pair. If this was not the case, the breakpoint was extended to also capture the

original coordinate. Within this subset of variants, cases in which a single pair

of SDs could be assigned unambiguously were defined directly as the BPs of that

variant. In contrast, when multiple sets of SDs overlapped a given variant, these loci

were classified as complex regions. This classification reflects the fact that multiple

SDs, in direct or inverted orientation, can produce distinct structural configurations

compatible with the detected variants. Such regions are particularly challenging for

automated probe design.

Using this criterion, 38 variants with simple SDs defining their BPs were identified:

7 involving SDs in direct orientation and 31 in inverted orientation. Although SDs

in direct orientation cannot generate inversions, they were retained as BPs, as they

can lead to deletions or participate in rearrangements in which one duplication is

inverted, effectively resulting in an inverted configuration.

In addition to these 38 variants with simple SDs, 25 regions containing multiple

overlapping SDs were identified. For these regions, a breakpoint region was gen-

erated by merging the different SDs. Then, how many variants overlapped these

large breakpoint regions was assessed. In total, 163 variants overlapped these re-

gions, which are listed in Table 3.3. Several of these loci correspond to well-known

inversion hotspots characterised by high structural complexity, such as the amy-

lase locus. Given the substantial difficulty associated with the design of the probes

in such regions and the low confidence expected for the resulting genotypes, most
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of these 163 variants were excluded from the subsequent steps. Through this first

approximation, BPs were defined for a total of 201 variants.

Table 3.3: Complex SDs regions. Summary of inversion breakpoint regions con-
taining multiple segmental duplications (SDs). For each region (CR), the external
coordinates are reported together with additional contextual information, includ-
ing associated genes and whether the region was included in subsequent analyses.
Finally, the table indicates the number of the 1,564 variants analysed that overlap
each region and were therefore incorporated into the subsequent analyses.

Name Coordinates Inversion candidates Included Genes related Additional information

CR1 chr1:12809207-13393767 7 Yes Multiples genes Characterized as complex region
CR2 chr1:16474442-16954362 10 No - Not reliable GRCh38 region
CR3 chr1:103589768-103774845 5 No AMY Characterized as complex region
CR4 chr1:120192772-120705592 7 No NBPF Characterized as complex region
CR5 chr1:143184587-143275986 5 No - Characterized as complex region
CR6 chr1:144044798-144915702 8 No NBPF15 Related to extremely large SDs
CR7 chr1:146066805-149366538 9 No NBPF and NOTCH Characterized as complex region
CR8 chr10:46332689-47780368 11 No AGAP Characterized as complex region
CR9 chr11:4217829-4341822 5 Yes SSUL72L Characterized as complex region
CR10 chr15:23123714-28399999 11 No GOLGA Characterized as complex region
CR11 chr15:75253045-75299270 2 No GOLGA Characterized as complex region
CR12 chr16:31977208-33214595 12 No - Characterized as complex region
CR13 chr16:55776428-55820004 3 No CES1 Palindromic SDs
CR14 chr17:21304469-22100583 8 No KCNJ Not reliable GRCh38 region
CR15 chr17:36222498-38250159 13 No TBC1D3 Characterized as complex region
CR16 chr19:7018679-7052022 2 No MBD3L Palindromic SDs
CR17 chr2:109736854-110634615 3 No RGPD Related to extremely large SDs
CR18 chr4:49200000-49592471 3 No - Centromeric region
CR19 chr5:69635627-71364489 11 No SERF and SMN Not reliable GRCh38 region
CR20 chr7:72858572-75515341 6 No Multiple genes Related to extremely large SDs
CR21 chr8:7147340-8239446 7 No FAM90A Characterized as complex region
CR22 chr8:85640339-85829481 4 No - Not reliable GRCh38 region
CR23 chrY:6234811-9919592 6 No TSPY Related to extremely large SDs
CR24 chrY:21924887-22661521 3 No RBMY Related to extremely large SDs
CR25 chrY:23061402-23359290 3 No DAZ Related to extremely large SDs

For other variants that do not overlap SDs, information was incorporated from

variants classified as complex in gnomAD, which typically involve deletions and

duplications flanking the inversion. Using these annotations, BPs were defined to

encompass the associated deletions and duplications. When a variant was supported

by multiple studies, we verified that the coordinates reported in those studies were

consistent with the gnomAD annotations. Using this approach, BPs were defined

for 307 additional variants.

For the remaining variants (1056), an analogous approach to that described in Sec-

tion 3.2 was incorporated. Specifically, a ±100 bp window was defined around each

set of coordinates in the original coordinates. When multiple variants were included

within the same region, the minimum and maximum coordinates were used to define
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the boundaries of the variants, and ±100 bp was applied from these positions.

After the BPs were determined, a second round of variant filtering was performed.

In this step, variants that were consistently annotated as inverted duplications in

the different studies were excluded from further analysis. Although these variants

could not be genotyped, they had not been filtered previously because refining their

breakpoint coordinates could provide useful information to update InvFEST and

enrich the variant catalogue. As observed in Table 3.3 most variants located within

complex genomic regions were removed from the analysis. Moreover, only those

variants with an internal region of at least 300 base pairs and for which at least one

of the two BPs was less than 200 kb were retained. After applying these criteria,

1,082 variants remained of the initial set of 1,564.

Variants passing all filters were submitted to GeONTIpe to design specific 300 bp

probes containing at least 25% unique sequence. Based on these criteria, GeONTIpe

could generate probes for a total of 623 variants (57.56%). These were combined

with 612 variants previously reported by Moreira-Pinhal et al. (2025), resulting in

a final set of 1,235 variants that were genotyped across the exhaustive set of 1,409

samples with available ONT data (Section 2.1.2).

3.3.4 Inversion region genotyping

Once the genotypes of the regions analysed were obtained, the first step was to

evaluate the performance of GeONTIpe for each sample (Figure 3.4). We observed

that 503 samples achieved at least 90% genotyped inversion regions. On average,

86.37% of inversion regions could be successfully genotyped per sample, and only 14

samples showed a genotyping success below 50%.

The performance of the samples in the different datasets was then assessed. To do

this, samples were classified into the following subgroups: HGSVC phase 3, HPRC,

Gustafson et al. (2024), Schloissnig et al. (2025) and Multiple Sources (including

samples not assigned to the remaining datasets and those sequenced by us). For

samples present in several studies, performance values were assigned to all the cor-
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Figure 3.4: Inversion region genotypes by sample. Bar plot showing the num-
ber of genotypes obtained per sample. The maximum number of genotypes was
1,235 for male samples and 1,209 for female samples, after excluding inversions on
the Y chromosome. Valid genotypes are shown in green, low confidence genotypes
supported by a low number of reads and therefore excluded from downstream anal-
yses are shown in mustard, and genotypes without any read are shown in grey.

responding datasets. The mean genotyping success and its distribution across the

datasets are shown in Figure 3.5. Among the datasets, HGSVC phase 3 was the

best-performing, achieving a mean of 98.75% of successfully genotyped inversions.

Two datasets, Multiple sources and Schloissnig et al. (2025), exhibited mean geno-

typing success below 85%, and all samples with performance less than 50% were

from the latter, as expected by the low sequencing coverage.

Next, we tried to identify sample-level variables that influence inversion genotyping

success. Following the approach used for the dataset described in section 3.1, we

examined N50 and read count as the main potential predictors. To do this, the

percentage of genotyped regions against N50 and the number of reads for each sample

was plotted (Figure 3.6-A). This analysis showed that samples with performance

below 50% were also those with the lowest number of reads, while the N50 values

were comparable to those of other samples, indicating that the read count was a

limiting factor.

To isolate more clearly the effect of N50 we focused the analysis on samples with ≥

95% inversions genotyped and assessed whether the success was still driven primarily
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Figure 3.5: Genotype success by dataset. Boxplots describe the genotyping
success of inversion regions across different datasets, including the median and in-
terquartile range. Coloured points represent each individual sample, while the red
line denotes the mean genotyping success within each dataset.

by the number of reads or instead became more dependent on N50. Most of the

samples with performance ≥ 95% had N50 values between 50 and 80 kb. In contrast,

samples that achieved 99% performance had a considerably higher number of reads

or, if they were lower, exhibited N50 values above 100 kb (Figure 3.6-B).

Then, the differences in N50 and the number of reads between the datasets were ex-

amined to assess whether they could explain the observed performance differences.

A summary is provided in Table 3.4. In general, datasets with smaller N50 values

tended to show reduced performance, despite having a similar or even higher num-

ber of reads, as can be observed by the dataset of Schloissnig et al. (2025). One

paradigmatic case corresponds to the Multiple Source dataset, which had an N50

larger than expected given its genotyping success distribution. This may be ex-

plained by the relatively small number of samples and heterogeneity in this dataset,

combined with the larger variation of observed performance that ranges from 43%

to 99%. In addition, samples that given their number of reads should present a

lower performance, but the use of adaptive sampling to enrich target regions during

sequencing partially compensated for this effect.
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A B

Figure 3.6: Genotyping success by number of reads and N50. Genotyping
success indicated on a colour gradient from high (blue) to low (red), represented
as a function of N50 (Y axis) and the number of reads per sample (X axis). (A)
Overall performance across all samples, showing the effect of the number of reads
on GeONTIpe genotyping ability. (B) Subset of samples with performance ≥ 95%
, highlighting the effect of N50 on genotyping success.

Table 3.4: N50 and number of reads by dataset. Summary of average N50 and
number of reads across datasets, with corresponding genotyping success.

Dataset N50 Nº of reads Genotyping success (%)

Multiple sources 67720 3593154 81.9
HGSVC3 138249 2305098 98.75
HPRC 85251 5542246 97.78
Gustafson (2024) 62014 3468593 93.99
Schloissnig (2025) 21454 3098610 81.47

After examining the performance at the sample-level, the performance at the variant

level was evaluated. Of all inversions, 1078 (87.29%) achieved at least 50% geno-

typing success and 909 (73.60%) more than 90%. Next, we assessed the effect of

increasing BPs sizes on inversion genotyping. To do that, we transformed the break-

point size into the probe distance and grouped the inversions by this distance, as

shown in Table 3.5. The data showed that the distance of the probe had a substan-

tial impact on genotyping: performance decreased dramatically once the breakpoint

exceeded 10 kb, with a particularly severe decline above 50 kb. This relationship

could be observed in Figure 3.7, where the probe distance was plotted against the
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genotyping success. As noted, larger probe distances were associated with lower

performance, and the decrease in genotyping success fits quite well a decreasing

exponential curve (R2 = 0.88, P < 0.001).

In Table 3.5 the length of the inversion had an effect on the genotyping performance

was also evaluated. By contrast, taking into account the inversion size showed a more

moderate reduction in genotyping performance as the inversion length increases.

Table 3.5: Genotyping success by inversion. Genotyping success per inversion,
considering the distance between probes as a proxy for breakpoint size (upper table)
and the inversion size, defined as the internal distance between the two BPs (lower
table).

Probe distance (bp)

Probe distance (bp) Variants Genotyping success (%)

<1000 467 97.69
1000-10000 482 94.84
10000-50000 187 63.66

>50000 99 20.68

Internal size (bp)

Internal size (bp) Variants Genotyping success (%)

<1000 108 95.5
1000-10000 337 94.04
10000-50000 359 88.19

>50000 431 73.31

Moreover, we quantified how many polymorphic inversions were identified in this

large dataset. Of the 1,235 inversions tested, 680 showed both the standard and

inverted alleles, corresponding to 55.06% of the variants. Of these inversions, three

showed a heterozygote genotype only in the offspring of duos and trios. Of these

cases, two (Mos-15-30033302-30515994 and HsCan14840) showed extremely low

genotyping success, likely due to the large distance between probes or the presence

of additional haplotypes that could interfere with genotyping. The third inversion

(HsCan7452) appeared to be a singleton. For all three variants, we compared the

genotypes with related samples and no discordances were observed.

In addition to these 680 inversions that presented both alleles, eight showed only

the inverted allele in all genotyped individuals. Six of them presented a genotyping

success of at least 97%, suggesting possible errors in the reference genome. When
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Figure 3.7: Genotyping success according to distances between probes.
Genotyping success as a function of probe distance. Each point represents an inver-
sion region, and colours indicate the presence of deletions (blue), insertions (green),
or a combination of both (orange) in at least 1% of the genotyped samples. A red
trend line is shown, for which the coefficient of determination (R2) and the asso-
ciated p-value are reported. Moreover six regions, marked in colour circles where
analysed to verify the presence of these additional SVs.

the GRCh38 reference genome was checked, five of the eight presented an assembly

fix that could correspond to the detected inverted allele. On the other hand, we

found that 191 of the 680 variants (28.08%) had a minor allele frequency (MAF)

of at least 1%. This low proportion of variants with a MAF greater than 1%,

despite the fact that most variants have been selected using this threshold, can be

explained by the contribution of studies based on small sample sizes, which likely

led to an overestimation of the true AFs of these variants. Moreover, in 44 of these

191 inversions, the minoritarian allele corresponds to the orientation of the reference

genome (GRCh38), which increases to 53 variants considering all inversions showing

both alleles.

Beyond inversions, GeONTIpe can also detect additional SVs by analysing the dis-

tances between probes (Section 3.1). In our dataset, 740 regions displayed at least

one additional variant in at least one sample. Of these, 362 were found in more than

1% of the samples. As GeONTIpe is not optimised for the detection of deletions

and insertions, an extended analysis was not conducted. However, among these
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362 variants, 156 corresponded to deletions, 78 to insertions, and the remaining

corresponded to mixed events between samples involving increases and decreases

in distances. Of the 740 inversions that present additional SVs, 232 were already

present in Moreira-Pinhal (2025). The higher detection of deletions compared to

insertions was expected, as probe distance reductions are generally easier to detect

due to the genotyping strategy used.

In Figure 3.7 were also highlighted cases with additional SVs detected in at least

1% of the samples (Figure 3.7). Some points deviated markedly from the general

trend commented on before, most of which corresponded to regions with additional

SVs. Five of these regions (circled in Figure 3.7) presented additional SVs of sub-

stantial size and affected a large proportion of samples, and a summary is provided

in Table 3.6.

Table 3.6: Features of additional SVs in inversion regions. Analysis of five
regions for which additional SVs were detected and found to affect GeONTIpe perfor-
mance. For each variant, its position in Figure 3.7 is indicated by the corresponding
circle colour. The table reports the detected variants, classified as deletions (Del)
or insertions (Ins), their genomic location, the orientation in which the SVs are
found, and whether the associated inversion is polymorphic, with the MAF and the
corresponding orientation provided in parenthesis. Finally, the size of the detected
variants and the percentage of samples in which they were observed are reported.

Variant ID Circle colour Variant type Location MAF (%) Orientation Variant size Variant presence (%)

HsCan5223 Turquoise Ins BP2 3.7 (Std) Std
Inv 12000-242000 99.32

HsInv0231 Brown Del
Ins

BP1
BP2 1.9 (Std) Std

Inv
70000
8000

47.11
1.9

Mos-12-9293902-9679442 Purple Del BP2 - Std 96000 87.98
HsCan9082 Red Del BP2 - Std 24000 85.52

HsInv1115 Green Del BP1 11.5 (Inv) Std
Inv

3000
37000

7.21
79.23

Among these cases, the HsCan5223 inversion stands out due to its very low genotyp-

ing success rate (7%). However, the small subset of samples carrying an extremely

large additional insertion could not fully explain this poor performance. Probe anal-

ysis showed that inversion was genotyped using only the second breakpoint, since

probe A could not be designed because the upstream region is enriched with multi-

ple SDs. These SDs clusters likely reflect local structural instability, compromising

probe specificity and genotyping accuracy.
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The support for this interpretation comes from the nearby, partially overlapped vari-

ant HsCan5220, which showed a higher genotyping success (68%), but also showed

multiple insertions and a minor allele corresponding to the reference orientation.

This suggests that the reference genome may represent a low-frequency haplotype

in this region, negatively impacting probe design.

In general, these observations indicate that incorrect assumptions about the predom-

inant structural configuration can affect probe placement. In structurally complex

regions, improved breakpoint resolution and haplotype-aware design are likely re-

quired to enhance genotyping performance and reduce artefacts.

3.3.5 Inversion characteristics analysis

Based on the analyses described above, we were able to describe the general features

of the genotyping process, including factors that affected genotyping performance

and several global characteristics of the dataset. However, these sections did not

explore in detail the characteristics of the polymorphic inversions, which represent

the most comprehensive inversion catalogue in humans so far.

When we compared the characteristics of this new dataset with previous studies by

our group, such as Giner-Delgado et al. (2019), Puig et al. (2020), and Campoy

(2024), we observed a substantial increase in the number of polymorphic inversions

detected. The most extensive previous study, Campoy (2024), identified 134 poly-

morphic inversions, of which 57 are shared with the present dataset. Thus, our

study multiplies the number of known polymorphic inversions five times. This im-

provement is largely attributable to the use of ONT long-reads, as well as to the

integration of inversion calls from multiple recent studies that applied novel tech-

nologies for variant detection. Ideally, we would also have compared the inversions

generated by NAHR versus NH mechanisms, since one of the main advantages of the

use of long reads is the analysis of inversions mediated by IRs that cannot be easily

genotyped with any other technique. However, due to the lack of reliable break-

point annotation and origin mechanism classification, it is not possible to perform

this comparison with sufficient precision.
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Figure 3.8: Distribution of inversions and breakpoints sizes. Density plot
representing inversion (blue) and breakpoint sizes (red) on a log10 scale. Breakpoint
sizes correspond to the smaller of the two breakpoints per inversion.

Then, the size distribution of the detected inversions was examined. In general, poly-

morphic inversions ranged in size from 301 bp (HsCan1073) to 4.4 Mb (HsInv1928),

excluding breakpoint regions, with a mean inversion length of approximately 140 kb.

The sizes of BPs also varied widely, from a few bases to repeat blocks of 200 kb. Of

the 677 polymorphic inversions, 286 (42.24%) have less than 10 kb, 239 inversions

(35.30%) ranged between 10 kb and 100 kb, 124 (18.31%) spanned 100 kb to 1 Mb,

and 28 (4.13%) exceeded 1 Mb in length (Figure 3.8).

Next, we assessed the genomic distribution of the inversions along the chromosomes

(Figure 3.9). Consistent with previous studies, chromosome X showed a particu-

larly high number of inversions (56), making it the most enriched chromosome in

our dataset. This enrichment is likely explained by the high density of SDs present

on that particular chromosome. Other chromosomes with a large number of inver-

sions included chromosome 1 (50), chromosome 2 (50), and chromosome 7 (53). At

the opposite extreme, chromosome Y harboured only six inversions. This low num-

ber may reflect its poor characterisation rather than its true biological scarcity, as
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previous studies have reported extensive large-scale structural variability on chro-

mosome Y (Hallast et al., 2023), making it one of the most challenging chromosomes

to analyse.

Figure 3.9: Distribution of inversions across chromosomes. Representation of
the distribution of inversions across the genome, with different colours representing
the minor allele and the circle size its frequency (MAF).

When normalising inversion counts by chromosome length, chromosome 19 emerged

as the most enriched, with approximately one inversion per 1.5 Mb, followed by

chromosome 17 (one per 2.44 Mb) and chromosome X (one per 2.78 Mb). To visu-

alise these differences, the relationship between chromosome size and inversion count

was plotted. The size of the chromosome accounted for approximately 44% of the

variation in the inversion distribution (R2 = 0.443, p = 1.81× 10−16) (Figure 3.11).

Among the chromosomes, 19, 17, X, and, in addition, chromosome 7 showed the

largest deviations from expected counts based on the size of the chromosome.

However, these estimates should be interpreted with caution, because not all inver-

sions in the dataset are not completely independent of each other. When enrichment

was instead assessed based on the maximum proportion of bases potentially involved

in inversions, chromosome 16 appeared to be the most enriched, with nearly 17.5%

of its sequence located within inverted regions. This signal was largely driven by

two overlapped inversions of 4.4 Mb which counted independently, inflating the es-

timated inverted fraction. Overall, treating each inversion as an independent entity,



162 Chapter 3. Results

Figure 3.10: Correlation between inversion distribution and chromosome
size across the genome. Relationship between chromosome size and inversion
distribution, highlighting chromosomes with the largest deviations from the expected
counts (red labels).

due to the lack of information about how many of them are truly independent, limits

our ability to accurately quantify the chromosome-level inversion burden, although

these metrics still provide a useful approximation.

3.3.6 Inversion frequency in human populations

As the next step, we focused on AF of the inversions, since it provides information

on the distribution of inversions in human populations and can shed light on the

action of natural selection within populations. As described previously, AF were

calculated using only unrelated individuals, excluding offspring from trios and duos.

The global frequency distribution of inversions is shown in Figures 3.9 and 3.13),

while Figure 3.13 also presents frequencies stratified by ancestry. In our study, we

defined MAF as the frequency of the rarest allele considering all the samples analysed

from all populations together. In our case, that value ranged from 0.04% to 49.91%.

When variants were grouped into 5% allele-frequency bins, the distribution was
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Figure 3.11: Inversion allele frequency spectrum. Green bars represent the
global distribution of inversion MAF, grouped into 5% allele-frequency bins.

strongly skewed towards low frequencies. In total, 547 inversions (80.79%) showed

a MAF below 5%, while a smaller enrichment was observed in the MAF bin 45-50%

(3.24%).

Individuals of African ancestry exhibited the highest number of polymorphic in-

versions (406), while European populations showed the lowest number (273). This

difference may be explained by two factors: the larger number of African individuals

in the dataset and the greater genetic diversity typically observed in African pop-

ulations. To disentangle these effects, we calculated the total number of inversion

heterozygotes in the population, normalised by the number of successfully genotyped

variants. As shown in Figure 3.12, African populations showed a higher proportion

of inversion heterozygotes, consistent with increased genetic diversity, in agreement

with previous reports (Schloissnig et al., 2025).

We then examined inversions that were exclusive to each ancestry. In Africans, 125

inversions were not detected in any other ancestry, although 106 of these had a MAF

below 1% in that ancestry. An inversion that exceeded that 1% of frequency was
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Figure 3.12: Inversion heterozygote fraction by ancestry. Boxplots represent
the number of heterozygote genotypes divided by the total inversions genotypes in
all samples, grouped by ancestry.

HsInv0365, which showed a global frequency of 8.11% and reached 11.54% within

the African populations, which is unusually high for a variant absent elsewhere.

However, this inversion had an overall genotyping success of only 1%, suggesting

that its apparent uniqueness may be due to the low genotypes rather than true

population specificity. Europeans presented 31 unique inversions, none exceeding a

frequency of 1%, with the most frequent (HsInv1144) reaching 0.11% globally and

0.86% within Europeans. The Americans showed 44 unique inversions, of which

only two surpass the 1% frequency in that ancestry. East Asian populations had 57

unique inversions, all below the 2% frequency in that ancestry, while South Asian

populations exhibited 82 unique inversions, seven surpassing the 1% of MAF in that

ancestry.

Population differentiation

In addition to identifying inversions belonging to one specific ancestry, our objective

was to estimate the variation in inversion MAF between ancestry. To this end, we
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used the FST, which ranges from 0 to 1, where lower values indicate similarity in AF

between populations, while higher values reflect greater population differentiation

(Holsinger & Weir, 2009). If natural selection favours an orientation in one pop-

ulation but not in others, the AF at that locus will diverge more rapidly between

populations and the FST at that locus will tend to be higher than at neutral loci,

where AF differences arise solely from genetic drift. In contrast, low FST values can

indicate balanced selection, maintaining similar AF between populations.

To get a first estimate of the action of selection acting on inversions in different

human populations, we calculated the FST for all variants, both globally and within

each pair of ancestries. For each variant, its value FST was compared to the distri-

bution derived from 10,000 random SNPs of similar global frequency throughout the

genome (1,000 for X-chromosome inversions). Using this approach, we identified 23

inversions with a global FST in the top 5% of the genome-wide distribution. How-

ever, when considering pairwise comparisons between ancestries, 64 of 677 inversions

(9.45%) had at least one comparison within this top 5%, and 18 of these were in the

top 1%. These variants are summarised in Table 3.7, which lists all inversions with

a significant global FST, and in Figure 3.13, which highlights all inversions with at

least one ancestry showing a significant FST value.

Among the variants showing global frequency differences within ancestry, seven

showed strong differentiation between African populations and others with FST val-

ues of 0.15-0.78 (HsInv0055, HsInv0114, HsInv0297, HsInv0340, HsInv0348, HsInv0389,

Mos-17-36222071-36490245). For East Asian populations, no variant was significant

exclusively in this ancestry. However, when excluding South Asian populations,

HsInv0385 showed differentiation relative to the others. Similarly, for South Asian

populations, no variant exhibited a significant FST relative to the remaining pop-

ulations. In Europeans, one inversion met this criterion (HsInv0124), while for

American populations, no inversion showed such a pattern. The pronounced effect

observed in African populations likely reflects the effect of the out-of-Africa bottle-

neck from which the other human populations derive. Nevertheless, some clear cases

suggest genuine population-specific differences in certain inversions.
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Table 3.7: Summary of inversions with Global Fixation index (FST) differ-
ences. Variants with significant FST global values. The table shows the P -values
for the global FST and also for the pairs of ancestries. Non-significant values are
marked as ns.

Variant Global
AFR
AMR

AFR
EAS

AFR
EUR

AFR
SAS

AMR
EAS

AMR
EUR

AMR
SAS

EAS
EUR

EAS
SAS

EUR
SAS

HsInv0340 0.003 0.013 0.012 0.013 0.007 ns ns ns ns ns ns
HsInv0297 0.004 0.001 0.006 0.004 - ns ns ns ns ns ns
HsInv0114 0.007 0.005 0.005 0.011 0.009 ns ns ns ns ns ns
HsInv0124 0.008 ns ns 0.005 ns 0.006 0.003 ns 0.001 0.018 0.001
HsInv0389 0.009 0.012 0.01 0.004 0.027 ns 0.025 ns ns 0.083 -
HsInv0348 0.01 0.011 0.003 0.003 0.014 ns 0.028 ns ns ns ns
mos-17-36222071-36490245 0.01 0.036 0.035 0.031 0.048 - ns - ns - ns
HsCan9869 0.011 0.007 0.005 ns 0.043 ns 0.007 ns 0.018 0.016 ns
mos-17-36151501-36436897 0.011 ns 0.031 0.017 ns ns - - ns ns -
HsInv0812 0.015 ns ns 0.021 0.016 ns 0.02 0.007 ns 0.06 ns
HsInv0230 0.021 ns 0.021 ns ns ns 0.024 ns 0.013 ns 0.047
HsInv0017 0.028 0.04 ns 0.084 0.025 ns ns ns ns ns ns
HsInv0055 0.03 0.046 0.018 0.031 0.047 ns ns ns ns ns ns
HsInv0403 0.03 ns ns 0.027 ns 0.028 0.026 ns 0.011 0.014 ns
HsInv0151 0.032 ns ns 0.026 0.014 ns 0.003 0.001 0.047 0.009 ns
HsInv0209 0.033 ns ns ns 0.037 ns ns ns ns ns ns
HsCan13384 0.034 ns 0.043 ns 0.045 ns ns ns ns ns ns
HsInv0401 0.034 ns 0.048 0.034 0.039 ns ns ns ns ns ns
HsInv0375 0.035 ns 0.029 ns ns ns 0.026 ns 0.021 ns 0.014
HsInv0385 0.037 ns 0.03 ns ns 0.038 0.03 ns 0.024 ns 0.013
HsInv0768 0.039 0.044 ns 0.02 ns ns ns 0.014 ns ns 0.001
HsInv0363 0.048 ns ns 0.033 0.037 ns ns ns ns ns ns
HsInv0830 0.049 0.012 ns ns ns ns ns 0.031 ns ns ns

3.3.7 Size effects

Given the large number of genotyped samples and variants, AF were highly variable,

a pattern also evident in Figure 3.9. As discussed above, inversions, particularly

large ones, can have mutational consequences by disrupting genes or regulatory ele-

ments, potentially leading to deleterious effects. More importantly, long inversions

are expected to have a higher fertility cost as a result of the generation of unbal-

anced gametes by recombination in inversion heterozygotes. Therefore, inversions

that persist at the population level, especially at high frequencies, are likely to confer

some selective advantage. This expectation is particularly relevant for large inver-

sions, whereas smaller inversions may be less likely to affect functional elements or

have negative effects associated with recombination and therefore may evade strong

selective pressures (Campoy et al., 2022). In fact, a negative correlation between

inversion frequency and genetic size has previously been observed in a much smaller

dataset (Puig et al., 2020).
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Based on this hypothesis, we tested whether inversion characteristics were associated

with the AF. Two analyses were performed: one using all polymorphic inversions

identified in this study, and another restricted to the subset analysed by Moreira-

Pinhal et al. (2025), for which breakpoints were manually curated and the inversion

and breakpoint sizes are therefore more accurately defined.

First, we assessed whether the size of the inversion was associated to the MAF using

a linear regression. When considering the complete dataset, larger inversions tended

to have lower frequencies, although this trend was not statistically significant (Global

MAF vs. inversion size: adjusted R2 = 0.0039, β = −2.068 × 10−8, p = 0.0576).

Repeating the analysis with the Moreira-Pinhal et al. (2025) subset yielded a similar

negative trend that was statistically significant, although the size of the inversion

still explained only a small fraction of the variability of MAF (Global MAF vs.

inversion size: adjusted R2 = 0.0291, β = −5.308× 10−8, p = 9.997× 10−4).

Next, we evaluated the ratio between the mean size of BPs and the inversion size in

the inversions, which seems to be mediated by IRs, focussing on the 612 inversions

by Moreira et al.(2025) in which the BPs were assigned manually.

This metric was previously shown to be correlated with AF in Giner-Delgado et al.

(2019), Puig et al. (2020), and Campoy (2024). Using this ratio, we observed a

significant positive association (Global MAF vs. mean breakpoint size/inversion

size: adjusted R2 = 0.0303, beta = 0.0016, p = 0.000792), although the explained

variance was lower than that reported by Campoy (2024).

To explore whether MAF varied across the range of breakpoint-to-inversion size

ratios, we grouped the inversions into ratio intervals and compared MAF among

these categories. This grouping, as previously reported in Giner-Delgado et al.

(2019), Puig et al. (2020), and Campoy (2024), revealed a general trend in which

inversions with low ratios were associated with low AF, while higher ratios tended

to correspond to increased MAF. Consistent with this pattern, a linear model fitted

using the ratio as a continuous predictor showed a positive association between the

ratio and MAF (adjusted R2 = 0.2913, beta = 0.144, p < 2 × 10−16). These
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Figure 3.14: Distribution of MAF according to the breakpoint size/inver-
sion length ratio. Boxplot display the distribution of MAF grouped into three
categories of breakpoint size/inversion length ratio defined based on segmented re-
gression: 0–0.2, 0.2–1, and >1. Each point represents an inversion. Pairwise compar-
isons between groups were performed using Tukey’s HSD following one-way ANOVA,
and asterisks (***) indicate highly significant differences (p < 0.001).

patterns are illustrated in Figure 3.14. In general, inversions with a higher ratio

between the size of IRs and the length of the inversion tended to be more frequent,

consistent with the idea that this ratio influences the recurrence of the inversion, as

previously reported by Giner-Delgado et al. (2019) and Puig et al. (2020).

3.3.8 Genotype validation

Once the genotyping results were completed, we wanted to verify their reliability

by performing several comparative analyses. First, we evaluated the genotypes of

samples belonging to trios by directly comparing the child’s genotypes with those

of both parents, with the objective of identifying Mendelian-inconsistent genotypes.

The initial analysis included 38 families for which genotype data was available for all

three members. In total, 28,022 genotypes were assessed, of which 28,002 (99.92%)

were consistent with Mendelian inheritance, while 20 showed incompatibilities. To
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better elucidate the underlying causes of these inconsistencies, the results are sum-

marised in Table 3.8, where the potential sources of the observed discrepancies were

systematically examined.

Table 3.8: Verification of Mendelian inconsistencies. Table reports all trios in
which the child presents a genotype that is non-concordant with parental genotypes.
Each row corresponds to a inversion and indicates the family for which Mendelian
inheritance fails, together with the genotype of each family member. Values in
parentheses represent the number of reads supporting each orientation, with those
for heterozygous genotypes always in Std/Inv order.

Inversion Family Genotype child Genotype father Genotype mother

HsCan4110 PR22 Het (4/1) Std (7) Std (7)
HsCan6645 1463 Het (8/5) Std (19) Std (11)
HsCan6895 GB97 Het (7/3) Std (5) Std (8)
HsCan12258 VN68 Het (48/9) Std (6) Std (4)
HsInv0036 1463 Het (34/24) Inv (8) Inv (9)
HsInv0111 IT220 Het (50/36) Std (62) Std (73)
HsInv0207 3150 Het (22/6) Std (6) Std (14)
HsInv0207 GB97 Het (2/1) Std (2) Std (10)
HsInv0278 PR05 Std (57) Inv (35) Std (28)
HsInv0297 PR05 Std (17) Std (16) Inv (10)
HsInv0348 PEL051 Het (45/32) Std (5) Std (10)
HsInv0366 Y077 Het (21/19) Std (8) Std (6)
HsInv0701 2424 Std (14) Inv (22) Het (23/16)
HsInv0808 3140 Std (28/1) Std (7) Inv (11)
HsInv0812 2424 Std (11) Inv (5) Std (10)
HsInv1115 PEL019 Inv (53) Het (9/3) Std (10)
HsInv1933 IT220 Het (21/8) Std (6) Std (8)
HsInv1933 IT3 Het (28/17) Std (5) Std (9)
HsInv1933 PEL003 Het (32/7) Std (11) Std (8)
HsInv1933 VN46 Het (23/12) Std (7) Std (10)

We first observed that inconsistencies were detected in a total of 15 of the 38 fam-

ilies analysed, with only 5 families showing inconsistencies for 2 inversions. When

examining which inversions were more prone to these discrepancies, HsInv1933 was

the most affected followed by HsInv0207, with inconsistencies observed in four and

two families, respectively. Among the discordant genotypes, two have already been

reported in the original GeONTIpe publication (Moreira-Pinhal et al. (2025)), cor-

responding to families 3140 and PR05.

The origin of these inconsistencies may be multifactorial. Potential sources include
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probe-related errors that affect a specific family member, possibly due to low se-

quencing quality of the supporting reads, sample contamination, or genotyping er-

rors. For example, in 12 cases, one of the trio individuals has a homozygote genotype

supported by 7 or fewer reads, which could result in the inability to capture the alter-

native allele required for Mendelian consistency. However, there are cases in which

this is unlikely, as all members of the trio present a sufficiently high number of

reads to allow for confident genotype assignment. For such cases, the most plausible

explanation is the presence of artefacts introduced during the genotyping process.

An alternative explanation for some of these discrepancies could be a true orienta-

tion change that occurs as a somatic mutation for any member of the family, arising

directly in the individual or during one of the lymphoblastoid cell lines (LCL) divi-

sions. However, identifying such events is not feasible without detailed information

on cell lineage passages and comparative genotyping across those passages. More-

over, these somatic changes probably affect a reduced number of individuals. There-

fore, the comparison of trio-based genotypes resulted in the identification of a subset

of candidate inversions for future targeted validation, with the aim of elucidating

the underlying causes of the observed inconsistencies.

Once this first verification was completed, we proceeded to compare the genotypes

of 57 inversions for which previous genotypes were available from Campoy (2024).

These data included both experimentally validated genotypes obtained using dif-

ferent PCR-based techniques, or genotypes generated using BreakSeq (Lam et al.,

2010) in short reads of all samples from 1000GP.

For comparison of the genotypes obtained from BreakSeq, only one inversion was

shared between both datasets (HsInv0098). The analysis included 1,311 genotypes

obtained with both methods (GeONTIpe and BreakSeq) and all of them were fully

concordant. Next, we compared our results with the experimental genotypes avail-

able for 57 inversions in a set of 231 samples, which also included HsInv0098. Of

a total of 13,167 theoretically shared genotypes, 7,180 (54.53%) could be directly

compared. The remaining genotypes could not be evaluated because genotype was

missing in both datasets (1,458, 24.35%), in the data based on ONT (1,285, 21.46%)
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, or in the experimental data (3,244, 54.18%). Among the 7,180 comparable geno-

types, 7,108 (99.00%) were consistent between both studies.

Of the remaining 72 genotypes that showed discrepancies, three differences had al-

ready been reported in the original GeONTIpe publication, which apparently were

mainly due to possible errors in the PCR genotypes (Moreira-Pinhal et al. (2025)).

We then wanted to investigate the remaining 69 discordant genotypes to determine

whether they were more likely to be attributable to experimental genotyping errors

or to inaccuracies in the genotypes generated in this study. We observed that 46

of the 69 discordant genotypes (66.67%) were concentrated in only four inversions:

HsInv0241, HsInv0278, HsInv0344 and HsInv0348. These four inversions had al-

ready been suspected to contain unreliable experimental genotypes when they were

performed using iPCR and MLPA (Giner-Delgado et al., 2019). If discrepancies

associated with these four inversions were excluded, the number of discordant geno-

types was reduced to 23, resulting in a general concordance of 99.67%.

Despite the good concordance observed, we decided to evaluate the number of reads

that supported each discordant genotype. This metric is particularly relevant for

homozygote calls, as the requirement of a minimum threshold of five reads with the

same orientation may not be sufficient to exclude the possibility that all observed

reads originate from just one chromosome.

We found that, excluding the inversions already mentioned, 10 genotypes were sup-

ported by five or fewer reads (Table 3.9). Of these, four were heterozygous, indicating

that at least one read supported the alternative orientation. Among the remaining

six homozygous genotypes supported by five or fewer reads, two had been genotyped

using the SNPs methodology implemented in GeONTIpe. However, the number of

SNPs that supports the reads belonging to different haplotypes was quite low (2 and

1 respectively). So, those genotypes are likely to be errors due to the low coverage

of the samples.

For heterozygous genotypes with low read support, the most plausible source of error

appears to be the presence of artefact reads, particularly in cases where only a single
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read supports the alternative orientation. This scenario applies to five of the eight

heterozygous genotypes. Specifically, we checked for some recurrent artefact reads

classified as “mirror reads”, as they contain the read sequence in both forward and

reverse orientations, resembling the structure expected for inverted duplication. For

these cases, we generated dot plots to assess whether the read supporting the minor

orientation exhibited the structural features characteristic of these mirror reads,

or whether it instead appeared to represent a genuine signal. However, none of the

cases showed a structure indicative of the artefact reads described above (Table 3.9).

Table 3.9: Verification with experimental inconsistencies. Table reports the
23 discrepancies observed with experimental data. Each row correspond to an in-
version indicating the experimental genotype as well as the genotype provided by
GeONTIpe, indicating the number of reads supporting it. with those for heterozy-
gous genotypes always in Std/Inv order.

Inversion Sample Experimental GeONTIpe

HsInv0031 NA10859 Het Std (7)
HsInv0031 NA19027 Het Inv (2)
HsInv0031 NA19310 Het Std (9)
HsInv0045 NA19119 Het Inv (5)
HsInv0193 NA20540 Het Std (7)
HsInv0209 NA19468 Het Inv (69)
HsInv0228 NA19118 Std Het (4/1)
HsInv0325 NA19118 Het Inv (6)
HsInv0340 NA19137 Std Het (2/1)
HsInv0340 NA19307 Std Het (3/3)
HsInv0340 NA20801 Std Het (5/1)
HsInv0341 NA19189 Het Inv (4)
HsInv0370 NA19240 Std/Del Std (20)
HsInv0374 GM18501 Inv Het (34/7)
HsInv0374 NA20585 Het Std (6)
HsInv0374 NA20785 Het Inv (5)
HsInv0382 NA12750 Het Std (6)
HsInv0414 NA19118 Std Het (4/1)
HsInv0786 NA19204 Het Inv (7)
HsInv1057 NA19092 Het Std (5)
HsInv1057 NA19118 Std Het (2/1)
HsInv1124 NA21099 Het Inv (5)
HsInv1124 NA21111 Std Het (4/5)

In contrast, three of the discordant genotypes were supported by a large number of

reads. In these cases, the probability that the discrepancy originates from the ONT

data is substantially reduced, unless confounding factors such as sample contam-



174 Chapter 3. Results

ination or alternative haplotypes are present. An example of such contamination

was detected in sample HG02554, in which several chromosome X genotypes were

defined as heterozygous despite the individual being a male. SNP-based validation

confirmed contamination in this sample and was therefore excluded from subsequent

analyses. For these ten well supported genotypes, discrepancies are more likely to

be attributable to errors in the experimental data. However, additional validation is

required to conclusively determine the source of the error, whether in GeONTIpe-

generated genotypes or in experimental methods. This need for further verification

is particularly relevant for inversions supported by an intermediate number of reads

(between 6 and 10), where genotype confidence is inherently less robust.

3.3.9 Hardy–Weinberg equilibrium (HWE) analysis

Finally, as a last step in quality control, we sought to assess whether our genotypes

exhibited systematic bias or whether certain variants consistently failed to be geno-

typed in a manner that might have gone unnoticed. To this end, an analysis of

Hardy–Weinberg equilibrium (HWE) was performed to evaluate the internal con-

sistency of the genotype frequencies within each ancestry. Deviations from HWE

were assessed solely as a quality control measure to detect possible genotyping er-

rors, rather than to investigate the underlying biological or evolutionary processes.

This is because the population structure and other demographic factors were not

extensively controlled in this analysis. For this analysis, genotype counts for each

inversion were performed in unrelated individuals of different ancestries. However,

inversions located on the Y chromosome were excluded, as the haploid nature of this

chromosome violates the assumptions of the HWE model. For inversions on the X

chromosome, the expected sex-specific allele distribution was taken into account to

properly perform the allele count. Variants were considered to deviate from HWE

when the mid p-value was below 3× 10−5, equivalent to a Bonferroni correction for

the number of tests performed (1566 tests).

This analysis revealed that each ancestry had at least one inversion that deviated

from HWE. At the global level, 10 of the 680 polymorphic variants did not reach
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HWE in at least one ancestry. Of these, 1 variant (HsInv0111) deviated from HWE

in all ancestries in which these variants were polymorphic, suggesting that this

case may reflect a systematic problem in genotyping rather than population-specific

effects. For the remaining 9 variants, African populations exhibited the highest

number of variants that did not achieve HWE, with 6 inversions. However, the

south Asian ancestry did not show any variant that deviated from HWE. Moreover,

between those 10 variants, 3 of them have less heterozygote with respect to the

expected, while the other presented an excess of them (Table 3.10).

Table 3.10: Assessment of deviation from HWE. Each row represents an in-
version that deviated from HWE in one or more ancestries. For each inversion, the
total number of alleles is reported. The table also indicates the ancestries showing
deviations, the direction of the discrepancy, and the possible cause of the observed
deviation.

Inversion Genotyped alleles MAF (%) Pop desviation Desviation Cause desviation

HsCan12258 266 39.1 AFR Lack Het Presence of SV
HsInv0111 670 30.54 ALL Excess Het Bad breakpoint location
HsInv0151 290/192 32.13 AFR/EAS Excess Het Fail probes
HsInv0199 186 31.13 AFR Excess Het Fail probes
HsInv0322 120 36.13 EUR Excess Het Not determined
HsInv0348 464 42.88 EAS Lack Het Not determined
HsInv0768 168 49.4 AFR Excess Het Not determined
HsInv0812 196 40.82 AFR Lack Het Presence of SV
HsInv1933 362 22.37 EAS Excess Het Alternative haplotype
Mos-7-57754674-58179017 578/280 19.22 AFR/AMR Excess Het Not determined

As already mentioned, this information was used solely as an indicator to guide

future, more focused analyses aimed at investigating the genotyping results of these

variants in greater depth and determining the underlying causes of the observed

deviations. One possible explanation for these deviations is the presence of previ-

ously unknown alleles in certain populations, which could generate haplotypes that

GeONTIpe may misclassify during genotyping. These new haplotypes could have

other SVs that affect some of the studied regions. If such SVs were preferentially

related to one orientation, this could lead to systematic over-genotyping of one of

the orientations, resulting not only in deviations HWE, but also in a general deficit

of heterozygotes for the affected inversions.

To assess whether an additional structural variant could bias allele genotyping, vari-

ants deviating from HWE due to the absence of heterozygotes in a given ancestry



176 Chapter 3. Results

Figure 3.15: Allelic imbalance detection. Boxplots showing the distribution of
the standard-to-total read proportion in heterozygous individuals. Individual dots
represent each heterozygous sample in the ancestry analysed. The p-value indicates
the significance of deviation from the 50% ratio expected under HWE.

were examined. Heterozygous samples from the affected ancestry were selected and

the ratio of standard (Std) reads to total reads was calculated for each variant. In an

unbiased genotyping, this ratio is expected to be centred around 50%. The observed

distributions were therefore compared to this expectation. Two of the variants anal-

ysed (HsCan12258 and HsInv0812) showed a significant deviation from the expected

allelic ratio (Figure 3.15). In both cases, additional SVs associated with the inverted

allele were detected. For HsCan12258, all inverted alleles carried a 69 kb insertion,

while for HsInv0812 an associated deletion was observed, both of which may impact

genotyping accuracy and, consequently, HWE calculations.

For inversions showing an excess of heterozygotes, a subset of heterozygous samples

was manually inspected to identify potential causes of genotyping errors. In some

cases, errors were linked to probe failure, with reads showing multiple occurrences

of the same probe, suggesting probe nonspecificity or the presence of an additional

sequence containing the same motif. In other cases, genotyping difficulties could

be explained by poorly positioned breakpoints or the complexity of the region (Ta-

ble 3.10). However, for several samples, no clear cause of the genotyping error was

detected, leaving open the possibility of other factors, including a potential advan-
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tage of heterozygotes, although this could not be confirmed with the available data.

3.3.10 Linkage disequilibrium (LD) with nearby variants

As the last analysis step, we checked whether any of the inversions showed a strong

LD with nearby SNPs. This information can provide both an idea of the unique

or recurrent origin of inversions and indirect evidence of genotyping precision, par-

ticularly in cases where the values of LD approach 1. However, this measure is

not definitive, as low linkage values are compatible with a recent inversion origin

or recurrent events that reduce LD with surrounding variants due to the exchange

of SNPs between orientations over time. To try to address this, LD was calculated

both globally and separately for each ancestry, using the full set of genotypes, as well

as an alternative set of more reliable genotypes in which the threshold for defining

homozygosity was increased from five to seven reads supporting the same orienta-

tion (which corresponds to a binomial probability of being a heterozygote of P =

0.0078). The application of this stricter criterion resulted in the conversion of 65,336

previously valid genotypes (4.38%) into undetermined genotypes.

We first examined the LD results using the complete set of genotypes. At the global

level, at least one SNPs with a LD greater than 0.95 was identified in 145 of the

677 polymorphic inversions, with a total of 2,104 linked SNPs. Among inversions

showing high LD, 37 were associated with a single variant, while the remainder

showed associations with at least two SNPs, with a maximum of 280 observed for

HsInv1923. In particular, when HsInv1923 was genotyped, the inverted allele was

consistently associated with a 6 kb insertion located at breakpoint 1, which already

suggested that this inversion occurred only once. In addition, 41 variants presented

a LD between 0.8 and 0.95 in the global population (Figure 3.16).

An indirect approach to evaluate whether genotyping errors constitute the main

source of low LD values was to remove genotypes that are more likely to be false,

namely those supported by a small number of reads. For this reason, we excluded

homozygotes supported by 5 to 7 reads in autosomal inversions and chromosome X

inversions in females. If a substantial fraction of errors originated from such geno-



178 Chapter 3. Results

Figure 3.16: Linked variants per inversion. Number of inversion per LD bin
under two scenarios: variants with LD ≥ 0.8 (gray) and LD ≥ 0.95 (blue). Each
X-axis bin shows the number of nearby variants linked to an inversion. The “0” bin
indicates inversions with no variants in LD.

types, we would expect a marked increase in the number of variants that show high

LD after filtering. Instead, we observed that only two additional variants showed LD

greater than 0.95 compared to the original data set (HsCan13631 and HsCan8109).

This result suggests that the chosen minimum-read threshold is reasonable. Never-

theless, it is still possible that there are additional sources of genotyping errors that

we are currently not taking into account.

We then assessed whether the 10 inversions suspected of genotyping errors due

to significant differences with HWE in at least one population showed associated

SNPs. Among them, only HsInv0151 and HsInv0348 presented SNPs with high LD,

suggesting that the inversion genotypes could be correct. This case was particularly

striking, as it exhibited 167 variants with values of LD greater than 0.95. Similarly,

we analysed the four inversions that showed the largest discrepancies between the

experimental data and the GeONTIpe generated genotypes (HsInv0241, HsInv0278,

HsInv0344 and HsInv0348). Of these, only HsInv0348 displayed LD values greater

than 0.95. However, the variant with the highest LD reached 0.969, suggesting that

a small number of genotypes may still be incorrectly assigned.
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Figure 3.17: Linked variants per ancestry. Upset plot showing unique variants
absent in global LD across five ancestries (AFR, EUR, AMR, SAS, EAS). Vertical
bars represent the number of shared variants between populations, horizontal bars
indicate the total number of variants per population.

Subsequently, we investigated whether inversions lacking high LD at the global level

might still show strong LD within specific ancestries. In African populations, we

identified 89 additional inversions with LD greater than 0.95 that were not detected

at the global level, while in the remaining ancestries this number ranged between 83

and 101, with South Asian populations showing the highest number of these cases. In

general, 313 inversions showed LD in at least one ancestry but not globally, being 220

population specific (Figure 3.17). This observation suggests that in these ancestries

there are no potential genotyping errors for the above inversions, or alternatively,

that no recurrence events have occurred, at least among the genotyped samples,

although bottleneck effects cannot be discarded for the out-of-Africa populations.

When we checked whether any of these variants were shared between multiple an-

cestries, we observed that 73 variants showed a high LD in two ancestries, 16 in

three and 4 in four (Figure 3.17). For those present in three or four ancestries,

we found that 8 of the 20 variants exhibited a global LD greater than 0.8 globally,

which makes them strong candidates for additional genotype validation to ensure
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the absence of genotyping errors.

Several factors may explain the lack of very high LD values. As already mentioned,

one possibility is the recurrent nature of many inversions, particularly those medi-

ated by SDs, which may arise repeatedly over time and recombine, thus reshuffling

SNPs and obscuring associations between the inversion and linked SNPs. Address-

ing this issue would require accurate haplotype resolution and phasing, followed by

pairwise comparisons between haplotypes, while ensuring that reduced sample sizes

do not generate spurious SNP associations.

In the case of inversions without IRs in BPs, the most likely underlying explanations

of the absence of SNPs in high LD are different. The first factor that could contribute

is the inversion age: very young inversions may not have had sufficient time for SNPs

to become fixed with the inversion, showing an incomplete linkage. The second factor

could be genotyping errors that originate in GeONTIpe or in the SNPs used to verify

the link. The latter is expected to be more pronounced in variants with low AF,

which could be easy to miss, especially if the sequencing coverage is low.

Regarding possible inversion genotyping errors introduced by GeONTIpe, it is also

important to note that their impact depends on the success rate of the specific

inversion: a single error in a large set of samples has a minor effect, whereas the same

error in a variant genotyped in only a few samples has a greater impact. This effect

is also more pronounced for variants with low AF, since a single genotyping error

that affects the minor allele has a proportionally greater influence in LD calculations.

Therefore, some inversion genotypes can be explored in more detail to determine if

a small number of errors can explain the observed reduction in LD, especially for

variants with a linkage close to 1.

By combining these 680 polymorphic inversions found here with the highly reliable

polymorphic inversions reported by Campoy (2024) that are not shared with this

study, the resulting dataset comprises 774 polymorphic inversions genotyped in a

large number of samples. This constitutes the largest global catalogue of polymor-

phic inversions to date and likely represents a very large fraction of all common
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inversions in the human genome, providing a solid foundation for the improvement

and update of the InvFEST database.
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3.4 Complex genomic regions

The analysis of 612 regions across 54 samples conducted in the first result section

of this thesis revealed that the structural diversity present in several of the target

regions was substantially greater than originally anticipated. Although some exam-

ples of this diversity were already described in Moreira-Pinhal (2025), additional

cases emerged during the design and validation of the probes that were later used to

genotype inversions in these regions. In the following sections, we present selected

examples that required manual inspection through the analysis of individual long

reads or local assemblies and the development of a new pipeline to facilitate the

automatic characterisation of complex regions.

3.4.1 HsInv0822 Region

The first case study focuses on an inversion located on the X chromosome (HsInv0822),

affecting approximately 40 kb. This inversion had previously been analysed and

genotyped in our group in Puig et al. (2020), where ddPCR was used to genotype

inversions mediated by IRs. In the genotypes obtained in the first result section, the

analysis of this region in 54 individuals yielded a minor allele frequency (MAF) of

29%, the Std allele being the less common. The increase in the number of samples

raised that value to 38.18%. Upon checking the coordinates of our study regions, we

observed that two nearby regions could potentially form a complex haplotype that

includes this polymorphic inversion

Specifically, HsInv0822 is located within a genomic interval containing two addi-

tional pairs of nested inverted SDs, each potentially capable of mediating inversion

events, corresponding to HsInv0394 (approximately 165 kb) and HsInv0816 (ap-

proximately 355 kb). The arrangement of these SDs could generate three nested

polymorphic inversions (HsInv0822 by recombination within the most internal pair,

HsInv0394 within the second pair, and HsInv0816 within the most external SDs).

The SDs associated with HsInv0394 are approximately 50 kb away from HsInv0822.

while those mediating HsInv0816 are roughly 90 kb and 197 kb from HsInv0822 on
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Figure 3.18: HsInv0822 genomic region. Adaptation from the UCSC Genome
Browser view of the HsInv0822 region showing the SD structure track and MANE
gene annotations. For each SD, the two copies share the same SD identifier and are
distinguished by a second digit, corresponding to the first and second copy (e.g.,
SD1-1 and SD1-2; SD2-1 and SD2-2).

each side, respectively. Together, these three inversions form a structurally complex

genomic region spanning 415 kb (chrX:149,532,424 - 149,947,803). This interval con-

tains several genes, including members of the XAGEA, HSFX, and EOLA families

(Figure 3.18).

Using the inversion-genotyping pipeline developed in this thesis, we observed that,

similar to HsInv0822, both HsInv0394 and HsInv0816 are also polymorphic in hu-

mans, though at substantially lower frequencies (MAF of 6.5% and 3.2%, respec-

tively). Taking into account these three nested polymorphic inversions, the region

can theoretically accommodate up to eight distinct haplotypes. To analyse how

many of those haplotypes exist, we filtered our data set, restricting the analysis

to males with genotype information for all three inversions (n=262), homozygous

females for all three variants (n=134) and heterozygous females for only one the

three inversions (n=134), identifying six of the eight possible haplotypes in a total

of 798 alleles. This filtering step was necessary because phasing information was not

available to distinguish between paternal and maternal haplotypes. All commented

conformations are referenced with respect to GRCh38, with a Std/Std/Std geno-

type. Two haplotypes, Inv/Inv/Inv and Inv/Inv/Std (order HsInv0816-394-822),

were not observed in any individual. Based on this dataset, we inferred haplotype

frequencies. The most common haplotype was Std/Std/Inv, with 474 occurrences

(59.39%), which is also shown by T2T-CHM13, followed by the haplotype that car-

ried the other HsInv0822 allele, which represented 37% of all observed haplotypes

(Table 3.11).
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Table 3.11: Haplotype distribution of HsInv0822. All possible HsInv0822 hap-
lotype combinations, listed in the order HsInv0816–394–822. For each combination,
the number of alleles observed in males, homozygous females, and females heterozy-
gous for a single inversion is presented. Total allele counts and estimated frequencies
are included.

Combinations Males Hom_females Het_females Total Frequency

Std/Std/Std 101 78 120 299 0,37
Std/Std/Inv 154 190 130 474 0,59
Std/Inv/Std 2 0 4 6 0,01
Std/Inv/Inv 3 0 10 13 0,02
Inv/Std/Std 1 0 0 1 0
Inv/Inv/Std 0 0 0 0 0
Inv/Inv/Inv 0 0 0 0 0
Inv/Std/Inv 1 0 4 5 0,01
Allele count 262 268 268 798

3.4.2 HsInv0786 Region

The second region that drew our attention corresponds to inversion HsInv0786

(chr16:28,288,647 - 28,874,074), located within the 16p11.2 region. This inversion is

mediated by 134-kb SDs and was also previously genotyped by our group in Puig

et al. (2020) (Figure 3.19). Furthermore, analyses of these genotypes had revealed

multiple GWAS hits associated with various traits, including asthma, diabetes, and

paediatric autoimmune diseases (González et al., 2014a; Campoy, 2024). This in-

formation made HsInv0786 particularly interesting due to its potential functional

impact, as well as the presence of several members of the NPIB gene family lo-

cated in the region (Dishuck et al., 2025). Initially, it was thought that the region

harboured only the inversion; however, the presence of multiple SDs in both direct

and inverted orientation suggested the possibility of additional structural rearrange-

ments.

The initial analysis of 54 samples suggested that the region was more complex than

expected. Although the inversion itself exhibits a MAF of 38%, we identified multi-

ple additional SVs at both BPs. Within this first dataset, we detected eight distinct

variants, observed in both the standard and inverted orientations. After expand-

ing the dataset, we found that 278 of the 303 individuals with available genotypes
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Figure 3.19: HsInv0786 genomic region. Adaptation from the UCSC Genome
Browser view of the HsInv0786 region showing the SD structure track and MANE
gene annotations. The main SDs two copies are labelled.

(78.54%) carried at least one of these additional variants. In total, these individuals

represented 284 occurrences, indicating that some samples contained more than one

variant. The detected variants correspond to the following:

• 114-kb deletion: Observed in 79 individuals. It can be found within both

inversion BPs, but it is more frequently located at the second breakpoint (73

individuals), with a similar distribution observed between both orientations.

• 11-kb deletion: Found in 188 individuals in one or both BPs and in both

inversion alleles. The most common configuration was the deletion in the

second breakpoint of the Std allele (132 individuals).

• 12-kb insertion: Detected in 14 samples within the internal region of the

inversion and found in both orientations.

The combination of these SVs generates a highly diverse set of potential haplotypes.

Because phasing information was not available, we then performed a manual in-

spection of individual long reads and assemblies that captured specific combinations

of variants. This detailed analysis allowed us to identify additional SVs: a 114 kb

duplication found at both BPs and a deletion of 12 kb in the internal section of the

inversion, all detected in 1 haplotype in the dataset of 1409 samples. These new
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variants further increase the number of possible haplotype combinations. Moreover,

the insertion of 114 kb substantially extends the length of the SDs that generates

the inversion, which can negatively affect its genotyping precision, as it increases

the distance between the probes used for inversion detection. This not only reduces

the number of samples that can be reliably genotyped but also explains why this

insertion was not detected in the initial analysis.

Beyond these newly identified variants, the manual analysis of samples carrying ad-

ditional variants enabled the detection of 19 different haplotypes, confirmed either

directly through long-read evidence or through assemblies available for the same in-

dividuals. These 19 haplotypes are summarised in Table 3.12, indicating the samples

in which they were found and the data source used for their identification. Although

this analysis allowed the characterisation of several combinations of variants in the

region, the large number of SVs detected suggests that additional haplotypes may

exist, and the total number of haplotypes present in human populations remains

unknown.

Manual analysis of these sequences allowed us to identify the specific regions in which

the variants occur and to assess whether SDs could be responsible for their genera-

tion. In the case of the 114 kb deletions and insertions, these elements correspond

to SDs in direct orientation, located at both breakpoint 1 and breakpoint 2 of the

inversion, with sizes of approximately 20 kb and 36 kb, respectively. For the 11 kb

deletions, no repetitive elements could be identified that might explain their origin.

Regarding insertions and deletions within the inverted region, both were found in

the same segment, which contains a 12 kb repetitive sequence that encompasses the

SULT1A gene. The presence of both duplications and deletions in these locations

suggests that they may harbour a variable number of such sequences.

These two regions (HsInv0822 and HsInv0786) discussed above represent only two

examples in which we examined in greater detail all the available information. How-

ever, there are several other regions where the analysis of just a few individuals

already indicated the presence of additional and often complex haplotypes. An illus-

trative case is HsInv0295 (chr7:144,135,693 – 144,423,179), where the T2T-CHM13
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Table 3.12: Haplotypes found for the HsInv0786 region. Each row corre-
sponds to one haplotype, indicating the sample where it was found and the specific
combination of SVs detected, including inversion status and the presence of deletions
or insertions at breakpoint 1, breakpoint 2, or within the internal region of the in-
version. The ‘Evidence’ column indicates the source used to detect each haplotype,
coded as (A) for assembly or (R) for read.

Hap Sample Orientation BP1 Internal BP2 Evidence

H1 GRCh38 Std - - - A
H2 HG002 Std Del.114 kb - - A + R
H3 NA19317 Std Ins.114 kb - - R
H4 HG00358 Std - Ins.12 kb - A
H5 HG00512 Std - - Del.11 kb A
H6 NA18989 Std - Del.12 kb Del.11 kb A
H7 HG002 Std - Ins.12 kb Del.11 kb A + R
H8 NA19705 Std Del.11 kb Ins.12 kb Del.11 kb R
H9 HG00673 Std - - Del.114 kb A + R
H10 HG02953 Std - Ins.12 kb Del.114 kb A
H11 CHM13 Inv - - - A
H12 HG02148 Inv Del.11 kb - - A + R
H13 NA20509 Inv Del.114 kb - - R
H14 HG01071 Inv Ins.114 kb - - A + R
H15 HG00513 Inv Del.11 kb Ins.12 kb - A + R
H16 HG01071 Inv - - Del.114 kb A + R
H17 HG02148 Inv Del.11 kb - Del.114 kb A
H18 HG02554 Inv - Ins.12 kb Del.114 kb R
H19 HG02059 Inv Del.11 kb Ins.12 kb Del.114 kb A + R

reference genome already showed a 100-kb deletion corresponding to a segment that

we initially assumed to be inverted. Despite this, we were able to detect the in-

verted allele in other individuals, with a frequency of 63.93%. In addition to these

two variants (inversion and deletion), manual analysis of long reads revealed a copy-

number increase that involves both the SDs assumed to mediate the inversion, and

the inverted region itself. In total, seven distinct haplotypes were confirmed in

this region. Another notable example is HsInv0375 (chr17:18,985,128 – 19,266,295),

where manual analysis identified six haplotypes, encompassing different combina-

tions of deletions, duplications, and inversions. These variants were found to affect

multiple sequences, including duplicated and unique regions in GRCh38.

All the cases mentioned correspond to large genomic regions spanning more than 100
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kb. When reviewing the coordinates of several candidate regions analysed through-

out the different chapters presented here, we found many more loci that share char-

acteristics similar to those of these manually analysed regions, such as the presence

of multiple pairs of SDs, several members of the same gene families, and large overall

size. Although GeONTIpe has proven to be very useful for genotyping polymorphic

inversions, in repeat-rich regions with additional SVs, inversion genotypes do not

completely describe the nature of alleles present in the analysed individuals. For

this reason, we decided to develop a bioinformatic tool capable of identifying differ-

ent structural haplotypes without relying on manual analysis, which usually requires

data from multiple sources and is feasible only for a limited number of samples due

to its time-consuming nature. Establishing specific structural haplotypes for each

analysed sample will be a key step toward disentangling the functional consequences

associated with each combination of variants.

3.4.3 Pipeline for the analysis of complex structural haplo-

types

The development of our pipeline was motivated by the need to uncover genome

structures directly from ONT long reads, which we had already mapped and which

provide the advantage of spanning hundreds of kilobases. Initially, assembly-based

strategies were considered. However, tests performed with assemblers such as Flye

(Kolmogorov et al., 2019) and Canu (Koren et al., 2017) using only ONT long reads

failed to generate complete local assemblies of the regions of interest, probably due

to the extensive presence of repeated sequences. Furthermore, the lack of full control

over the assembly process introduced uncertainty. For these reasons, we opted for a

strategy that leverages the ONT reads directly, without relying on prior assembly.

An additional advantage of designing our own tool is that, although high-quality

assemblies such as the Human Pangenome are now available, the number of samples

remains limited, which constrains the power to discover structural haplotypes.

Thus, to discover and analyse structural haplotypes we have developed a novel

pipeline called CHARONTE (Complex Haplotype Analysis and Reconstruction
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Figure 3.20: Workflow overview of CHARONTE. Schematic representation
of the main processes carried out by CHARONTE to determine structural haplo-
types in complex genomic regions. The diagram summarizes the selection of k-mers
(shown as coloured segments) and their mapping to ONT long reads, followed by
the removal of non-specific hits and the priority-based sorting of reads. This infor-
mation, together with phasing information, are then used for read classification and
subsequent consensus generation, which is compared against the reference genome.
After multiple individuals are processed, the resulting haplotypes are compared and
merged to obtain a set of unique haplotypes, which are finally used to generate the
synteny plot and characterize the set of structural haplotypes detected in the region

using Oxford Nanopore Technology Evidence). The core principle of this pipeline

is the identification of unique k-mers within the target sequence, and through the

analysis of their position, orientation, and spacing, locate and connect sequence

blocks across different reads sharing the same properties to progressively extend the

analysed segment until the complete structure of each chromosome is resolved. Once

individual structures are determined, shared k-mers allow population-level analyses,

determining the frequencies of each distinct haplotype (Figure 3.20).

The pipeline is organised into three modules, the technical specifications of which are

detailed in the Materials and Methods section of this thesis. These modules will be

described in greater detail in the following sections, highlighting how they contribute

to a systematic and scalable approach to analysing complex genomic regions.
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K-mer selection

The first part of the pipeline generates all the input files that will be used as a

base for the identification of the structural configurations present in the region of

interest. A key element of this section of the pipeline is the construction of a set of

unique k-mers designed using two reference genomes (GRCh38 and T2T-CHM13).

Ensuring that these k-mers are strictly unique and highly specific within the region

is essential, as duplicated or ambiguous k-mers could negatively impact downstream

analyses, particularly given the high error rate of ONT long reads and the abundance

of repetitive elements present in the complex regions that the pipeline is specifically

designed to resolve. To guarantee this level of specificity, several user-defined param-

eters are introduced at the beginning of the process, as detailed in Section 2.2.9. The

selection of specific parameters was empirically determined by systematically test-

ing multiple combinations in 15 samples within a defined genomic region. The final

parameter set was chosen based on the highest concordance between CHARONTE-

derived genotypes and the previously established structural configuration of the

region, as determined by manual analysis or using GeONTIpe.

In parallel with the design and subsequent mapping of k-mers onto the reads, the

pipeline also extracts additional information from the individual’s mapping file. This

includes read mapping positions, alignment flags, and overlap relationships between

reads. These data are used to classify the reads and determine which segments of

the reference genome are spanned by each read. This information is crucial for iden-

tifying the most relevant reads to infer the underlying structural haplotype. Finally,

the pipeline generates phasing information derived from the analysis of heterozygote

SNPs in the same individual, which is provided as an additional input to guide the

reconstruction of the haplotype structure. A phasing result was considered correct

when a single block was obtained and this block covered at least 80% of the length

of the original sequence.
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Haplotype determination

This block represents the central component of the pipeline as it constructs the

structural haplotypes present in each sample. After correcting, filtering, and inte-

grating the k-mers detected in the long reads, the pipeline classifies the reads into

groups in which the two haplotypes can be found. This classification relies on simi-

larity patterns derived from k-mer positions and strand orientation, prioritising the

more informative reads (containing a higher number of k-mers and overlapping the

regions where SVs could be expected to occur) and subsequently incorporating the

remaining reads through iterative refinement (see Section 2.2.9 for details).

Throughout this process, the pipeline identifies structural inconsistencies, resolves

duplicated or inverted regions, and removes conflicting information, ensuring that

each haplotype is supported by a coherent set of k-mers. The final classification

step evaluates whether each haplotype meets the required read-support thresholds,

allowing the pipeline to distinguish complete, partial, or erroneous haplotype recon-

structions.

The resulting output consists of the two reconstructed haplotypes per sample (or

one haplotype for regions on the X chromosome in males), represented as consensus

sets of k-mers with their positions and strands. Additional diagnostic images and

a detailed log file are also generated, allowing visual inspection of the classification

process and the assessment of structural differences between the sample and the

reference genome.

Synteny

The final stage of the pipeline performs a comparative analysis on all analysed sam-

ples to identify all the different haplotypes detected. The generated haplotypes are

grouped according to similarity, and the differences between haplotypes are char-

acterised, classifying the variants in multiple types, including inversions, insertions,

and deletions. The frequency of each haplotype is also calculated in the analysed

group of samples.
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After these comparisons, different structural haplotypes are named, and a list of

individual genotypes is generated, together with a summary table reporting hap-

lotype frequencies. Additionally, each haplotype is compared with the reference

genomes GRCh38 and T2T-CHM13, providing a record of haplotype-specific differ-

ences. Finally, a synteny plot is produced to visualise the structural relationships

and variation among the haplotypes.

Over time, the design of the pipeline has undergone systematic changes and improve-

ments. To illustrate these developments, we will describe three regions that were

used as test cases for the pipeline. In the initial version, no phasing information was

used, and the read classification relied solely on structural differences. As a result,

homozygous samples for a given structure presented a single haplotype, in which

reads from both chromosomes were combined. In the initial stage of development,

to simplify the design and benchmark, the selected regions were located on the X

chromosome, where males have only a single possible haplotype.

3.4.4 HsInv0401 Region

The first test case focused on the HsInv0401 region located on the X chromosome

(chrX:52,467,739 – 52,551,803), spanning approximately 85 kb (Figure 3.21). This

region had previously been analysed using GeONTIpe showing the presence of an

8.3-kb inversion and additional insertions of different sizes at both inversion BPs.

In the manual analysis performed for the publication associated with GeONTIpe,

nine distinct haplotypes were identified. These haplotypes included the inversion

located between 30-kb inverted SDs, as well as two CNVs embedded within these

duplications, each affecting fragments of approximately 12 kb that include two copies

of the XAGE1 family gene. In the previous analysis, this 12-kb sequence was found

to reach up to three copies per side, with a maximum of five total copies within a

single haplotype.

To test the pipeline, we first selected a set of 15 individuals for whom the expected

haplotypes were already known from manual analysis, enabling the identification of

clear reads defining each haplotype. The k-mer parameters used were: k-mer length
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Figure 3.21: HsInv0401 genomic region. Adaptation from the UCSC Genome
Browser view of the HsInv0401 region showing the SD structure track and MANE
gene annotations. The main SDs two copies are labelled.

of 27 bp, separation between k-mers of 500 bp, and a minimum of three differences

with any other sequence within the region. In this dataset, the pipeline recovered

eight distinct haplotypes, correctly capturing both inversion and CNVs, achieving

complete concordance with manually curated haplotypes.

After completing this initial test, we applied the pipeline to a larger dataset com-

prising 213 individuals from our mapped sample cohort. In this analysis, GRCh38

was also included as a haploid haplotype. The complete dataset consisted of 80

males, 131 females, and two haploid samples (GRCh38 and T2T-CHM13), which

yielded a total of up to 344 possible haplotypes. The first objective was to evaluate

the performance of the pipeline. In total, 299 haplotypes were resolved successfully

(86.91%). Among the 45 (13.08%) unresolved cases, 42 (93.33%) were classified as

partial, 39 of which originated from female samples. The remaining three haplo-

types were classified as erroneous (HG02051 and the two haplotypes of HG01281)

showing a substantial number of reads that could not be assigned to any constructed

haplotype.

In this evaluation, the pipeline showed clear gender-specific performance differ-

ences. Male samples, together with haploid references (T2T-CHM13 and GRCh38),

achieved the highest performance, reaching 95.12% success, while the performance

in females was 84.35%, which was expected given that males are effectively haploid

for the X chromosome and only a single structural configuration needs to be recon-

structed. Among the 299 resolved haplotypes, 18 distinct structural configurations

were identified. To examine the structural variation identified, we converted the

observed insertions and deletions into differences in the copy number of the 12 kb

segment at each breakpoint, as well as the orientation of the internal region. This
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Table 3.13: Summary of the haplotypes in region HsInv0401 identified
by CHARONTE. Each row represents a distinct haplotype and reports the copy
number of the 12 kb segment within each segmental duplication, together with the
orientation of the intervening segment. Additionally, the table includes the number
of alleles detected for each haplotype and their corresponding frequencies in the
dataset.

Variants CNV SD1 CNV SD2 Orientation Nº haplotypes Frequency (%)

H1 1 1 Std 7 2.34
H2 1 2 Inv 63 21.07
H3 1 3 Inv 103 34.45
H4 2 1 Std 25 8.36
H5 3 1 Std 28 9.36
H6 1 1 Inv 27 9.03
H7 1 2 Std 12 4.01
H8 1 3 Std 14 4.68
H9 2 2 Std 2 0.67
H10 1 4 Inv 5 1.67
H11 4 1 Std 1 0.33
H12 2 1 Inv 4 1.34
H13 3 2 Inv 1 0.33
H14 1 5 Inv 1 0.33
H15 2 2 Inv 1 0.33
H16 2 3 Inv 3 1
H17 2 3 Std 1 0.33
H18 3 1 Inv 1 0.33

information is summarised in Table 3.13, and the resulting comparison between

haplotypes is illustrated in the synteny plot shown in Figure 3.22.

Among the detected haplotypes, the maximum total number of copies of the 12-kb

sequence was six, with a minimum of two. When assessed per side of the inversion,

the copy number located in the first segmental duplication ranged from one to four

copies, whereas the one within the second duplication ranged from one to five.

Regarding inversion status, the inverted allele was the most frequent, reaching

69.90%, a proportion similar to that observed using GeONTIpe (71.99%). In con-

trast, for CNVs, haplotypes carrying four copies of the sequence were the most

common (represented in six haplotypes), accounting for 49.83% of alleles (149 alle-

les). Most of the alleles (82.27%) belonged to one of the five main haplotypes. The

most frequent, H3, was detected in 103 alleles and carries the inverted orientation,

one copy of the CNV in SD1 and three copies in the CNV in SD2. Six haplotypes
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Figure 3.22: Synteny plot comparing haplotypes from HsInv0401. Consec-
utive k-mer blocks are displayed in pairwise (1-vs-1) haplotype comparisons. Grey
segments indicate no detectable differences in distance or orientation between hap-
lotypes. Pink segments highlight insertions and deletions, while blue segments mark
inversion events. All haplotypes above the inversion event carry the inverted allele
with respect to the reference genome GRCh38. The left panel lists the name of each
haplotype along with its corresponding frequency.

were represented by a single allele, each accounting for 0.33% of the frequency. The

two reference genomes showed different structures: GRCh38 corresponds to H1, a

rare allele found only in a frequency of 2.34%, while T2T-CHM13 carries H2, which

has a frequency of 21%. An alternative explanation, beyond the selection of a rare

allele in GRCh38, is that this configuration may result from assembly artefacts,

such as the collapse of the 12-kb repeat sequence into a single copy or an incorrect

assignment of the inversion orientation.

To validate the results, we compared the inversion status obtained with CHARONTE

with that reported by GeONTIpe. Among the 192 samples for which both meth-

ods produced results, the concordance reached 99.47% (191 out of 192). The single

discordant case corresponded to sample HG02559, for which CHARONTE detected

only the standard allele. Manual inspection showed that the second haplotype lacked

sufficient read support to be validated by the pipeline. Next, we compared the

additional SVs reported by GeONTIpe based on the presence of reads with inser-

tions compared to the reference genome (these are not complete genotypes), with

those detected by CHARONTE. Among the 192 comparable samples, 167 (86.98%)
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showed complete concordance, while 25 presented discrepancies. To confirm the

presence of these variants, we inspected the raw GeONTIpe read data, finding that

17 of these samples indeed contained additional SVs in the reads; however, these

were not present in enough proportion to be reported by GeONTIpe. Taking this

into account, the concordance increased to 95.83%. The remaining eight discrepant

samples corresponded to cases in which GeONTIpe reported SVs not identified by

CHARONTE. In seven of these, CHARONTE produced a homozygous structural

call, suggesting that the alternative structure was not detected due to insufficient

supporting reads for the second allele. In the remaining case (HG03548), the source

of the discrepancy is not straightforward. CHARONTE reported an H1/H8 geno-

type, and while H8 could be validated based on shared variant signals, H1 differed

due to the presence of an additional 12 kb copy in SD1 according to GeONTIpe. In

total 9 individuals out of 192 were incorrectly genotyped by CHARONTE, which

results in a 95.3% rate of correct genotypes.

3.4.5 HsInv0390 Region

After the successful outcome obtained for the first region, we decided to test a

second region with a polymorphic inversion where additional SVs had also been

identified by GeONTIpe. The selected candidate was HsInv0390, a region of 250

kb in chromosome X (chrX:103,880,293-103,133,167) characterised by several sets

of SDs, the largest of which are approximately 70 kb in length. Another reason for

selecting this region was the presence of multiple copies of the TMSB15 and H2BW

genes (Figure 3.23).

Figure 3.23: HsInv0390 genomic region. Adaptation from the UCSC Genome
Browser view of the HsInv0390 region showing the SD structure track and MANE
gene annotations. The two copies of the main SDs are labelled.

The same strategy used for the previous region was followed here. A small subset of
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samples was used to evaluate and refine the pipeline. Once this initial set had been

validated both through the pipeline and by manual read inspection, we proceeded

with large-scale genotyping using the same 213 samples analysed for the previous

region. Given the strong performance of k-mers observed in the earlier analysis, we

chose to apply the same parameters in this case.

Using this approach, CHARONTE was able to resolve a total of 240 haplotypes

(69.77%), which is a lower performance compared to HsInv0401. Among the 104

unresolved haplotypes, 60 corresponded to partial haplotypes; of these, 2 were found

in male samples, while the remainder were associated with female samples. The

remaining 44 unresolved cases were characterised as erroneous haplotypes. As ob-

served in the previously tested region, male samples tend to perform better because

only a single haplotype must be generated, achieving a success rate of 75.60%, while

female samples showed a success rate of 67.94%.

Among the 240 resolved haplotypes, we identified eight distinct haplotypes. These

included the 60-kb inversion previously reported by GeONTIpe, which is found with

a frequency of 47.04%, as well as a 10-kb deletion located within the second 70-kb

segmental duplication, which is present in all haplotypes except H1, found only in

GRCh38 and other two samples. This deletion does not appear to be associated

with any specific repeat. In addition to this deletion, the region that showed the

highest diversity is located near the start of the region, where we detected an in-

sertion and a deletion of approximately 5.5 kb involving sequences within a LINE1,

more specifically an L1PA2 element. This short deletion of LINE1 was present in

14.79% of the haplotypes, while the version with the insertion was found in a sin-

gle haplotype (H6). A final variant of interest was a 45-kb inverted duplication

that lies within the single-copy segment located between the SDs in the reference

genome, while the second copy is located near the beginning of the region, upstream

of the first segmental duplication. However, this variant was observed only on a

single chromosome of individual HG00096. The variation found within this region

is shown in the synteny plot generated by CHARONTE (Figure 3.25).

As in the previous region, GeONTIpe data were used to compare both the inversion
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Figure 3.24: Synteny plot comparing haplotypes from HsInv0390. Consec-
utive k-mer blocks are displayed in pairwise (1-vs-1) haplotype comparisons. Grey
segments indicate no detectable differences in distance or orientation between hap-
lotypes. Pink segments highlight insertions and deletions, while blue segments mark
inversion events. The inverted duplication is shown in brown. The left panel lists
the name of each haplotype along with its corresponding frequency.

status and the presence of additional SVs. However, in this case, there are addi-

tional aspects to consider. The LINE-associated variants could not be assessed with

GeONTIpe because the target sequences generated by this technique did not capture

this region, so we could not check the accuracy of this part of the structural hap-

lotypes. However, to confirm that these were real insertions and deletions and not

artefacts generated by the calculations within the analysis pipeline, these variants

were validated using an alternative approach: by calculating the distance between

the two diagnostic k-mers flanking the variable LINE element in reads containing

both of them. The three alleles (like the reference genome, deletion and insertion)

were validated in this analysis.

Regarding the inverted duplication identified in the individual HG00096, a dot plot

(Figure 3.25) was generated using a read that covered the entire region and compar-

ing it with the reference genome. This analysis was performed because the inverted

duplication caused an heterozygous genotype in a male individual that had been

classified by GeONTIpe as erroneous.

Regarding the comparison of variants identified by CHARONTE and GeONTIpe,
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Figure 3.25: Analysis of a read from region HsInv0390 in individual
HG00096. Dot plot of the read aligned to the reference genome, showing the
alignment segments (hits) and illustrating both the continuity and interruptions in
the correspondence between the two sequences. In the plot, grey dashed vertical
lines mark the coordinates of segmental duplications in the region. Line colours
indicate the strand orientation of each alignment relative to the reference, blue for
forward and red for reverse. The inverted duplication is visible as one forward and
one reverse alignment within the internal section of the region, while alignment dis-
continuities reflect insertions or deletions present in the read.

the following observations were made. Among the 152 individuals for whom the in-

version orientation could be compared, 148 (97.36%) showed concordant genotypes.

The four discordant samples corresponded to female individuals who were classified

as homozygous for the same haplotype (H4). Upon inspection of the CHARONTE

output files for these cases, it was observed that although some reads were assigned

to a separated group, their proportion was not sufficiently high to support the gen-

eration of a second haplotype for the region.

Regarding the remaining SVs, 148 out of 152 individuals also showed compatible

calls, particularly for the 10 kb deletion located in the second segmental duplication.

Of the four discrepancies, three were attributable to the absence of the variant in the

GeONTIpe output. However, when examining the raw data for these individuals,

at least one read carrying the variant was present in each case; GeONTIpe did not

report it because of its internal threshold of requiring more than a single supporting
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read to avoid false positives. The remaining discordant call appeared to be the result

of CHARONTE incorrectly attempting to construct two different haplotypes in a

male sample on the X chromosome (this version of CHARONTE does not use the

sex of the individual as input).

The analysis of these two regions (HsInv0401 and HsInv0390) provided the first

insight into both the strengths and limitations of the newly developed software. In

these initial tests, no phasing information was incorporated, which occasionally led

to haplotype mixing or erroneous homozygous genotypes. Although the proportion

of genotypes that can be determined and the rate of genotypes with independent

concordant data supporting them is high, it was revealed that some samples carrying

two distinct haplotypes are the most challenging and generate most of the errors.

For this reason, when extending the analysis to autosomal regions (described in the

following section), we incorporated phasing information obtained using NanoCaller,

WhatsHap, and SHAPEIT4, as detailed in Materials and Methods. This integration

was expected to improve the read classification, as the combination of heterozygous

SNPs with k-mer-based assignments could be critical for the accurate character-

isation of complex structural haplotypes. Another improvement derived from the

phasing step was the automatic generation of two haplotypes even when both showed

identical genomic structures.

3.4.6 HsInv0231 Region

The genomic region selected to evaluate the updated version of CHARONTE was

HsInv0231. This region of ∼180 kb is located on chromosome 1 (chr1:25,248,883

– 25,435,328). It contains two pairs of SDs, one pair in inverted orientation (60

kb) and another in direct orientation (9 kb) flanking the first copy of the inverted

pair (Figure 3.26). This architecture initially suggests the potential presence of an

inversion of the sequence between the inverted SD pair, as well as a deletion between

the direct copies that could remove the intervening sequence. In this context, such

a deletion can directly affect the RHD gene, which is located entirely within the

first copy of the long SDs in GRCh38, along with its analogue RHCE inside the sec-
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ond copy. Additionally, the region susceptible to inversion includes the TMEM50A

gene. Previous analyses of this locus using GeONTIpe revealed a deletion of 70 kb

occurring at a relatively high frequency generated by the recombination of the direct

short SDs, whereas the inversion itself appeared to be considerably less common.

Figure 3.26: HsInv0231 genomic region. Adaptation from the UCSC Genome
Browser view of the HsInv0231 region showing the SD structure track and MANE
gene annotations. The main SDs two copies are labelled.

The strategy used to assess this region followed the same general approach as in

previous analyses. A small subset of samples was first selected to optimise the

execution parameters. In this case, the testing phase also served to refine and

validate the pipeline phasing step, which had not yet been incorporated in earlier

analyses. Once preliminary tests yielded reliable results, the analysis was extended

to a larger dataset. For these tests of the updated version of the pipeline, an even

greater number of samples was included compared to the previous analyses: a total

of 456 samples (205 males, 249 females, T2T-CHM13 and GRCh38), corresponding

to 910 possible haplotypes.

The first step was to determine the proportion of the region that could be suc-

cessfully phased, and we considered samples with more than 80% of the region

confidently phased as passing the threshold. Based on this criterion, 337 out of 455

samples were successfully phased in this region, while 12 samples completely failed

this step, showing no heterozygous SNPs. Despite phasing failures in some samples,

all samples were included in the structural haplotype analysis to evaluate whether

a lower phasing coverage could negatively affect genomic structure reconstruction.

Of the 910 haplotypes considered (including GRCh38), CHARONTE successfully

determined 809 haplotypes, which corresponds to a success rate of 88.90%.

Upon examination of the performance of the samples according to phase quality.

Among the 337 samples with more than 80% of the region successfully phased,
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CHARONTE success rate was 93.76%, compared to 74.89% in the group of samples

that were unphased or had phasing coverage below this threshold.

Among the 809 resolved haplotypes, five distinct haplotypes were identified. These

included the previously reported 70-kb deletion, originally detected by GeONTIpe,

which was present in 16.81% of all chromosomes. In addition to this variant, 11

chromosomes showed evidence of a 32-kb inversion. In addition, a second inversion

of approximately 115 kb was also detected on three chromosomes of three different

samples. The BPs of this longer inversion are located inside the inverted SD pair, so

this inversion includes the 32-kb sequence of the smaller inversion and also additional

k-mers at both sides that were also inverted (Figure 3.28). This represents the first

instance in which CHARONTE has captured a recurrent inversion event. This

recurrence was supported by three distinct alleles, all originating from individuals

of South East Asian (SAS) and East Asian (EAS) ancestry. Finally, an inverted

duplication was identified that affects 21 kb within the internal region between the

SDs in three haplotypes, also belonging to individuals from the same populations

mentioned above.

Subsequently, these structural haplotypes were subjected to validation through com-

parison with previous information. First, we compared the inversion status of the

detected haplotypes with GeONTIpe results. However, it was not possible to dis-

criminate between the two recurrent inversion events identified by CHARONTE.

Among the 13 individuals with inverted alleles for whom the comparison was feasi-

ble, 12 showed concordant genotypes. For the remaining sample, inspection of the

raw data revealed that CHARONTE could not assign a substantial number of reads

to any haplotype and the standard allele was lost. Examination of several of these

reads showed support for the inverted configuration, suggesting that CHARONTE

mixed reads from different haplotypes into one.

We then proceeded to validate the deletion genotypes. For the 70-kb deletion,

all 113 comparable samples showed complete concordance between both methods.

Additional deletions are shown in the comparison between the H2 and H4 haplotypes

in the synteny plot (Figure 3.27). However, these deletions are an artefact derived
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from the comparison represented in the figure involving H2 (70-kb deletion, Std

orientation) with H4 (non-deleted, Inv orientation). In fact, both haplotypes derive

from H1 (non-deleted, Std orientation), and no other SVs were detected in this

region.

Figure 3.27: Synteny plot comparing haplotypes from HsInv0231. Consec-
utive k-mer blocks are displayed in pairwise (1-vs-1) haplotype comparisons. Grey
segments indicate no detectable differences in distance or orientation between hap-
lotypes. Pink segments highlight insertions and deletions, blue segments mark the
inversion event, and orange segments indicate the k-mer blocks that are shifted be-
tween the two inverted haplotype. In brown are shown the inverted duplication
found, being two segments, one corresponding the original copy and other showing
the location of the second one. The left panel lists the name of each haplotype along
with its corresponding frequency.

For the inverted duplication, as in the case of HsInv0390, we searched for reads

that spanned the entire region and generated a dot plot to compare it with the

reference genome to confirm the observed structure. Due to the detection of a

recurrent inversion event involving a longer sequence, we further investigated the

locations of the associated breakpoints. According to the k-mer analysis, the 32-kb

inversion showed breakpoints located close to the most internal part of the 60-kb

SDs. In contrast, the 115-kb inversion displayed breakpoints located in the central

region of these SDs. To better visualise these variants, a synteny representation was

generated using H1 as a reference and showing each inversion event on either side

(Figure 3.28).

In general, we applied our analysis methodology to three complex genomic regions

in datasets of 213 to 455 individuals with long-read data, where we identified 5 to 18



204 Chapter 3. Results

Figure 3.28: Inversion recurrence of HsInv0231. Synteny plot comparing hap-
lotype H1 with H4 and H5, illustrating the two detected inversions. Grey regions
indicate segments with no differences between consecutive k-mers, whereas inverted
segments are shown in blue. Yellow bars mark the 62-kb segmental duplications
arranged in an inverted orientation in the three haplotypes. Red blocks highlight
the k-mer intervals in which the inversion breakpoints are located. The haplotype
names and their corresponding frequencies are shown on the left side of the figure.

different structural haplotypes in different regions and estimated their frequencies,

revealing extensive and previously uncharacterized haplotypic diversity. Across re-

gions, our method determined 70–89% of the haplotypes analysed, and comparison

with previous information on individual SVs showed an accuracy of 95–99% for these

genotypes. Overall, this approach enables systematic characterisation of complex

structural haplotypes and provides a robust foundation for studying their functional

and evolutionary relevance in human populations.



4. Discussion

More than a century has passed since the first evidence of variation within the

genome (Sturtevant, 1917), opening the door to the study of genetic diversity and

its underlying determinants. Early discoveries focused on large structural variants

(SVs). However, the intrinsic complexity of studying many of these variants led to

a gradual shift in attention towards simpler forms of variation, particularly single

nucleotide polymorphisms (SNPs), whose relevance increased substantially as se-

quencing costs decreased. As a consequence, the study of SVs, and inversions in

particular, has remained comparatively underexplored.

The main focus of this thesis has been on inversions and associated complex regions,

which have frequently been excluded from large-scale human genomic studies due to

their intrinsic properties. As a result, their functional consequences remain largely

unknown but for a limited number of notable exceptions that include large and

well-characterised inversions, such as those in 8p23.1 and 17q21.31 (Campoy et

al., 2022), as well as inversions with direct clinical consequences, exemplified by

those associated with haemophilia A (Turner et al., 2006). To shed light on the

number, population frequency, and functional effects of human inversions, the the

INVersion Functional & Evolutionary STudies (InvFEST) project was established,

with the goal of collecting and validating inversions reported in multiple studies over

several years. This effort enabled the construction of a comprehensive catalogue of

polymorphic inversions in humans to facilitate the investigation of their functional

and evolutionary impact (Martínez-Fundichely et al., 2014).

In recent years, the InvFEST catalogue has been expanded through additional vali-

205
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dation and genotyping efforts, particularly by Giner-Delgado et al. (2019) and Puig

et al. (2020). These studies included the characterisation of 64 common inversions

and introduced novel genotyping strategies that enabled more detailed analyses of

their functional effects. More recently, the catalogue of inversions analysed was

extended to 197 variants in the study by Campoy (2024), which provided an op-

portunity not only to increase both number of variants and genotyped samples, but

also to implement methodological improvements to improve the detection of func-

tional effects associated with inversions. However, despite these efforts, the fraction

of variants that could be studied was still quite limited, and there was considerable

room to improve the inversion catalogue.

At the same time, the continued development of long-read sequencing technolo-

gies from Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT)

and other technological advances like optical mapping or Single-cell template strand

sequencing (Strand-seq)has enabled not only the identification of an increasing num-

ber of SVs (Ho et al., 2020; Audano et al., 2019; Ebert et al., 2021; Porubsky et

al., 2022; Logsdon et al., 2025), but also a deeper characterisation of their proper-

ties. Although many recent studies have focused mainly on deletions and insertions,

largely due to their abundance and easier detection, several studies have identified a

growing number of inversion candidates that remain uncharacterized and may exert

highly relevant functional effects (Levy-Sakin et al., 2019; Chaisson et al., 2019;

Logsdon et al., 2025).

For this reason, the present thesis has focused both on the development of tools that

leverage these emerging technologies, and on their application to the characterisation

of inversions and other complex regions, with the aim of further expanding the cata-

logue of known genomic variants in humans and making this information accessible

to the wider research community. Initially, we concentrated on the development of

tools that exploit the advantages of ONT long-read sequencing for inversion geno-

typing. The result was GeONTIpe, a pipeline that can detect both alleles of an

inversion from long reads ONT. After developing and applying this approach on

an initial set of 612 inversion candidates genotyped in 54 samples, we sought to
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maximise both variant and sample coverage by integrating data from more than 13

independent studies. This integration encompassed over 21,000 reported variants,

including both inversions and inverted duplications, resulting in a curated dataset

of 1,235 inversions. Using this dataset, 1409 samples were genotyped and a detailed

evaluation of the performance of our tool (GeONTIpe) was performed, examining

how different factors influence our ability to resolve inversions. Subsequently, we

focused on assessing the reliability of genotypes, as accurate genotyping constitutes

a fundamental prerequisite for the downstream detection of functional effects.

The analysis performed revealed a higher variability around inversion breakpoints

(BPs) than initially anticipated, consistent with the increasing number of complex

genomic regions identified by recent studies (Ebert et al., 2021; Logsdon et al., 2025;

Yilmaz et al., 2024). Recognising the limitations of our first approach, we devel-

oped a second methodology specifically designed to investigate regions exhibiting

high structural variation. We hypothesised that such regions, due to their size and

extensive rearrangements, are key contributors to genomic diversity. This second

tool was applied to three distinct genomic regions, each with unique characteris-

tics. Iterative improvements were incorporated after the analysis of each region,

ultimately converging toward a framework that we believe will be essential to gen-

erate a final version capable of resolving variation within a wide range of complex

regions. Therefore, collectively, the methods and analyses developed throughout this

thesis contribute to filling a significant gap in our understanding of human genomic

variation, and provide a robust foundation for future functional and evolutionary

characterisation of these variants.

4.1 GeONTIpe advantages and limitations

One of the main objectives of this thesis was the development of a tool capable of

accurately genotyping all types of inversion, and especially those mediated by IRs,

most of which were missing from previous studies. This objective has been achieved

with GeONTIpe, which has demonstrated its ability to fulfil this goal through the

work performed in the thesis. The underlying concept of the tool is both simple
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and powerful: the use of four probes, two external and two internal, that allow

identification of the inversion state through analysis of the position, orientation,

and distance of these probes. As discussed in more detail in the companion research

article (Moreira-Pinhal et al. 2025), this methodology is highly useful and reliable

in a large proportion of cases, with good concordance with previous genotypes and

data from other studies, especially the Pangenome draft. However, throughout

the analyses, regions emerged that proved difficult to resolve using this approach,

highlighting some of the limitations currently faced by the current methodology.

First, it is important to emphasise the potential role of complex regions, defined here

as regions in which there are multiple haplotypes with different structural conforma-

tions across individuals. Such regions do not appear to be merely rare exceptions:

studies from the The Human Genome Structural Variation Consortium (HGSVC)

have revealed several examples of quite complex regions (Ebert et al., 2021; Logsdon

et al., 2025). In our case, regions containing a limited number of variants can be

resolved with the help of the information generated by GeONTIpe, as shown by the

HsInv0401 haplotypes described in Moreira-Pinhal et al. (2025). However, larger

and more complex regions, such as the amylase locus or the Major Histocompatibil-

ity Complex locus (Yilmaz et al., 2024; Mosbruger et al., 2025) remain too variable

to be effectively handled by GeONTIpe. The use of only four probes, and in par-

ticular their size (300 bp), provides a limited number of independent SVs that can

be tested and captured, identifying only a fraction of the true complexity of these

regions. This limitation can affect all downstream analyses, making GeONTIpe

not the best option for the complete resolution of these regions. We have partially

attempted to address this issue through the development of CHARONTE, which

promises to resolve some of these problems, although it introduces other limitations

that will be discussed later.

A second relevant limitation that we aim to address is the current inability to resolve

inverted duplications, or, more critically, that these variants can be frequently mis-

classified as heterozygous inversions. At present, GeONTIpe employs a read-filtering

strategy in which reads containing multiple hits from the same probe are discarded.
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By detecting an anomalously high number of such reads, we have identified some

inverted duplications. However, this is limited to cases in which the duplicated

sequence is small and close to the original location, and therefore there are many

reads that can capture both copies of the duplicated probe sequence. For larger

variants, where only one copy of the inverted duplication is detected, the interpreta-

tion depends on which side of the variant is analysed. This potentially leads to the

classification of some reads as standard and others as inverted, resulting in the clas-

sification of that variant as an heterozygous inversion. We are currently exploring

solutions for detecting these cases, either through prior analysis of mapping hits to

identify duplicated sequences or by using CIGAR strings to detect sequence duplica-

tions. Similar approaches have been used in other studies to detect BPs in other SVs,

such as tandem repeats (Wu et al., 2013). Incorporating a dedicated methodology

to detect inverted duplications into GeONTIpe would not only increase the number

of variants that can be analysed, but also improve the genotyping accuracy for vari-

ants already under study. Cases such as those of specific samples of HsInv0390 and

HsInv0397 exemplify this limitation, since only deeper manual analyses allowed us

to identify the presence of inverted duplications, which were previously misclassified

as inversions.

Such improvements could also help address another issue that we have detected over

time: the presence of what we have termed “mirror reads.” These reads appear to

be sequencing artefacts and have been observed both in publicly available datasets

and in samples sequenced by us. For example, Schloissnig et al. (2025) reported

multiple variants that we suspect are a result of such artefacts. Furthermore, recent

studies have begun to specifically target the detection of these artefacts in ONT

reads (Heinz et al., 2025). Although the overall magnitude and impact of mirror

reads are currently unknown, their direct mistake with true inversions may represent

a source of genotyping inconsistency, especially if other features such as structural

mosaicism want to be studied. Consequently, their detection and removal should be

considered a high-priority task to improve GeONTIpe.

Finally, a further limitation of the software is related to computational constraints.
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Although GeONTIpe was designed to run on high-performance computing (HPC)

systems, particularly for mapping and genotyping steps, where computational de-

mands are high and parallelisation significantly improves performance, there are still

specific stages of the pipeline that act as bottlenecks. One such step is the use of

BLAST for the detection of probes within reads. Several tools have been developed

to perform similar tasks with substantially higher speed, such as MMseqs2 (Kallen-

born et al., 2025). Improvements in this area would increase scalability, allowing

the analysis of more samples and more variants in less time. This should be consid-

ered an important goal, as reductions in ONT sequencing costs and technological

improvements, whether through increased output or advances such as adaptive sam-

pling, are likely to substantially increase both the amount of data generated and the

number of detectable inversions. An early example of this trend is the sequencing

of 1,019 samples using ONT long-reads (Schloissnig et al., 2025), which highlights

the potential of this technology for the study of inversions.

Having outlined some of the current limitations of GeONTIpe and the strategies

we intend to pursue to address them, we now turn to the advantages this software

offers over existing methods and the future perspectives we believe can be achieved

through its continued development.

To understand the main advantage of GeONTIpe, it is necessary first to consider the

strategy that is most commonly used for the characterisation not only of inversions,

but also for SVs in general. Most studies, particularly those associated with large

consortiums such as HGSVC or HPC, are based on the use of multiple technologies to

generate high-quality assemblies capable of resolving regions of varying complexity

(Ebert et al., 2021; Porubsky et al., 2022; Logsdon et al., 2025). This approach offers

several advantages over the use of a single technology, as reflected in the resolution

of extremely complex regions, such as the MHC, and the wide characterisation of

multiple types of variants (Logsdon et al., 2025). However, it also presents several

relevant limitations.

The first limitation is cost. The production of high-quality assemblies requires not

only substantial computational resources, but also the integration of multiple tech-
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nologies, which significantly increases overall costs, thereby limiting the number of

samples that can be studied. This constraint is exemplified by the maximum of 65

samples analysed using this approach in Logsdon et al. (2025). With such limited

sample sizes, the scope of the subsequent analyses and the robustness of the con-

clusions drawn from the resulting genotypes are necessarily restricted. The use of a

single technology mitigates this issue by reducing costs, which in our case allowed

the analysis of more than 1,400 samples. This strategy is also reflected in several re-

cent initiatives that aim to generate exhaustive SV catalogues in large cohorts using

a single technological approach (Gustafson et al., 2024; Schloissnig et al., 2025).

On the other hand, the competition to establish a gold standard for long-read se-

quencing remains ongoing, as each technology offers distinct advantages and limita-

tions, and research groups select platforms according to their specific objectives. In

our case, for the study of SVs, we consider ONT to be the most suitable technology,

having a great advantage of its ability to generate reads that can reach hundreds of

kilobases in length, which makes it particularly well suited to solve large genomic

rearrangements. In addition, apart from the cost associated with assembly genera-

tion, GeONTIpe enables a more focused analysis of specific genomic regions, a task

with which global assembly-based approaches cannot compete without the addition

of complementary region-specific analyses.

Moreover, genome assemblies inherently generate consensus representations, which

results in the loss of certain types of information, such as the presence of mosaicism

for specific variants. In contrast, by analysing individual reads, our approach pre-

serves this information, allowing it to be leveraged to obtain a first estimate of

mosaicism rates for inversions. In articular, given the recurrent nature of inversions

mediated by inverted repeats (IRs), we hypothesise that these variants may exhibit

elevated levels of mosaicism, making inversions ideal candidates for such analyses

and positioning GeONTIpe as a suitable tool for the detection and characterisation

of this phenomenon. In fact, we are currently working on incorporating mosaicism

detection capabilities into GeONTIpe to enable the reliable study of inversion mosaic

reads in samples sequenced using ONT long-read data.
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To conclude, it is relevant to say that the field of inversion genotyping remains rela-

tively niche, with only a limited number of tools that demonstrate robust and con-

sistent performance. Beyond GeONTIpe, one of the few methods with a comparable

objective is npINV, which also leverages ONT long reads for inversion detection and

genotyping. npINV is primarily alignment-driven: it interrogates read mappings to

identify subreads aligned to the same chromosome but in opposite orientations, and

subsequently examines mapping overlaps to infer the presence of IRs potentially

mediating the inversion (Shao et al., 2018).

Although conceptually sound, this alignment-centric strategy has several limitations

compared to GeONTIpe. First, it is highly dependent on mapping accuracy, mak-

ing it susceptible to spurious hits arising from alignment artefacts. This issue is

particularly pronounced for smaller inversions, where reads can span the entire re-

gion without producing a clear split or discordant mapping signal, thus reducing

sensitivity (Shao et al., 2018). Furthermore, regions harbouring additional SVs can

generate complex sub-mapping patterns that obscure the inversion signature itself,

rendering the approach insufficient in complex genomic contexts (Shao et al., 2018).

The presence of “mirror reads” further compounds this problem, as these reads can

introduce additional noise that interferes with accurate inversion identification and

genotyping.

Some of these limitations are reflected in the genotyping consistency reported of

94% for npINV, which is lower than the values obtained with GeONTIpe in the

comparative analyses performed in this work. As is also the case for GeONTIpe, the

read length constitutes a critical limiting factor for both the detection of inversion

and the characterisation of IRs. In the npINV study, the detection of IRs was limited

in practice to repeats of up to 7 kb in length, since the tool only reported IRs within

this size range (Shao et al., 2018). This is substantially shorter than several of the

IRs associated with the inversions genotyped in this thesis. This constraint further

highlights the importance of optimising strategies for handling long and complex

repeat-mediated rearrangements. If we consider earlier methodologies for inversion

genotyping, such as BreakSeq (Lam et al., 2010), the limitations become even more
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evident. BreakSeq relies on predefined breakpoint libraries and is therefore restricted

to inversions with clean and well-characterised BPs. Its performance is heavily

dependent on the precise delineation of those. Moreover, this framework is inherently

unsuitable for genotyping inversions mediated by IRs, where the resolution of the

breakpoint is often ambiguous or structurally complex.

Together, these considerations underscore a clear methodological gap in the field.

GeONTIpe addresses several of the limitations associated with alignment-dependent

or breakpoint-library-based approaches, particularly in the context of repeat-mediated

inversions and complex genomic backgrounds. In doing so, it establishes itself as a

relevant and timely contribution to the landscape of inversion genotyping.

4.2 CHARONTE advantages and limitations

In the previous section, we discussed the limitations of GeONTIpe, several of which

motivated the development of a new pipeline designed to overcome its main weak-

nesses. This pipeline, referred to as CHARONTE, was designed specifically to re-

solve complex genomic regions, in which the use of just four probes lacks sufficient

discriminatory power to resolve a wide range of structural configurations that may

arise in different chromosomes when multiple SDs are present.

To address this type of region, we opted to use k-mers of a few tens of bases, with

a sufficiently large number of sequences distributed along the entire region to allow

a more detailed resolution. Although in principle this approach is well suited for

the characterisation of such complex regions, it has additional limitations, most of

which are related to the scalability and reliability of the pipeline. In this section,

we discuss the limitations identified during the different validation tests performed,

propose potential solutions that should be explored in future work, and outline the

prospective applications and problems that this tool may help to address.

The first major limitation identified concerns the classification of the reads of each

individual in two haplotypes, which constitutes the foundation of our strategy for

characterising these regions. Part of this issue has been addressed through the
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incorporation of tools specifically developed for read phasing. The current strategy

consists of using NanoCaller (Ahsan et al., 2021) to generate a VCF containing

SNPs detected in the reads, followed by WhatsHap (Martin et al., 2016) to identify

phasing blocks. When more than one phasing block is generated, we attempt to

apply SHAPEIT4 (Delaneau et al., 2019), which uses SNPs derived from high-

coverage 1000GP samples (Byrska-Bishop et al., 2022) to identify variants that can

bridge the phasing blocks initially obtained.

This approach is inspired by previous studies aimed at resolving complex genomic

regions, such as Mosbruger et al. (2025). Although this strategy performs well in

a substantial proportion of cases, we have identified scenarios in which reads that

should be mutually incompatible are assigned to the same phasing block. The clear-

est examples correspond to reads harbouring large deletions that are phased together

with reads lacking those deletions. Our current hypothesis is that a large fraction

of the shared sequence between deleted and non-deleted reads exerts a dispropor-

tionate influence during phasing, leading to these misclassifications. Increasing the

weight assigned to the absence of shared variants may therefore be necessary to im-

prove read separation. However, we are also testing other software to improve read

phasing.

To date, only a single test has been conducted aimed at improving phasing of SNPs,

using LRphasing (Holmes et al., 2023). However, the results do not suggest that this

constitutes an optimal solution. Consequently, a more promising avenue may involve

improving variant calling itself by testing alternative callers that have demonstrated

strong performance on ONT long reads, such as Clair3 (Su et al., 2022).

Beyond strategies directly related to read classification, other additional improve-

ments could be implemented. These include analysing read depth along the sequence

or incorporating mapping-derived information to pre-characterise reads, thereby pro-

viding additional features that could be weighted during classification. Several of

such strategies are currently being considered. All of these measures are intended

to improve the overall performance of the pipeline by being able to resolve a larger

number of haplotypes, but also to reduce the number of erroneous or partial haplo-
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types that have been identified throughout the tests conducted.

Finally, additional improvements to the framework should address the determina-

tion of optimal parameters for structural analysis. Currently, parameter selection

has been performed manually, based on the inspection of a small subset of samples.

Although this strategy is pragmatic, it inherently relies on prior knowledge of the

expected structural configuration to assess whether a given parameter combination

yields accurate results. Consequently, this approach is not fully generalisable to

regions or datasets where ground truth is unavailable. Automating parameter op-

timisation represents a non-trivial challenge, given the multidimensional parameter

space and the context-dependent behaviour of SVs. Nevertheless, several avenues

could be explored. For instance, an adaptive strategy could evaluate the distribu-

tion and abundance of mapped k-mers across candidate regions, using quantitative

metrics to identify parameter sets that maximise signal-to-noise ratio. In addition,

incorporating genomic context into the optimisation procedure may prove beneficial.

A critical aspect of this optimisation process is the intrinsic trade-off associated

with k-mer length. Short k-mers increase sensitivity but reduce specificity as they

are more likely to map to multiple genomic loci. In contrast, longer k-mers pro-

vide higher specificity but are more vulnerable to sequencing errors, particularly

in ONT reads, where base-calling inaccuracies may prevent exact matches. Given

that the current implementation requires exact k-mer matches to accept mappings,

excessively long k-mers may not be detected even when biologically present, thereby

reducing sensitivity. Thus, parameter selection must balance these competing con-

straints to achieve robust inversion genotyping. Overall, while the current manual

strategy has proven effective in controlled settings, the development of a systematic

data-driven parameter selection approach would improve scalability, reproducibility,

and applicability to previously uncharacterised genomic regions.

A second limitation concerns the lack of robust approaches to compare the results

obtained, which we consider critical at this stage of pipeline development to improve

confidence in the generated outputs. So far, our primary strategy has been to

compare CHARONTE-derived haplotypes with those obtained using GeONTIpe.
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However, given that the two approaches differ conceptually, this comparison may

not be fully accurate. Alternative strategies include analysing the genome assemblies

generated for many of the samples used in our tests. These include samples from the

first phase of the Pangenome developed by the HPC (Liao et al., 2023), as well as

those from the second phase, which is expected to be released in the near future. In

addition, other genome assemblies, such as those generated as part of the HGSVC

project (Ebert et al., 2021; Porubsky et al., 2022; Logsdon et al., 2025) could also

be considered as a validation method. Within this framework, the k-mers used for

read characterisation could also be applied directly to characterise the corresponding

assemblies, comparing the structure observed in both strategies.

A complementary strategy would involve the use of tools specifically designed for

direct Pangenome analysis. A candidate could be PGR-TK (Chin et al., 2023),

which enables multiscale decomposition of nodes and haplotype paths within hu-

man pangenome graphs. This framework restructures the paths into hierarchical

blocks that capture shared structural patterns between individuals. Such a repre-

sentation could facilitate comparison with the structural organisation inferred by

CHARONTE. However, a current limitation lies in establishing an automated com-

parison framework, as both approaches rely on fundamentally different representa-

tions.

A third limitation of the complex region analysis is related to the intrinsic char-

acteristics of the reads themselves. Samples with low N50 values or reduced read

quality can negatively affect the continuity of the reconstructed haplotypes, which

throughout this thesis we have referred to as partial haplotypes. The use of k-mers,

and in particular the requirement for a 100% identity to accept a mapping on the

reads, makes the sequence quality a critical factor. Limited overlap, either due to

short read length or sequence errors, impairs the ability to compare reads and assign

them to consistent groups. For this reason, we chose to exclude from the analysis

the samples from Schloissnig et al. (2025), whose N50 values and read quality are

relatively low. At this early stage of development and benchmarking, we consid-

ered it unnecessary to address the additional complexity associated with such data.
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However, the ongoing efforts of multiple groups to generate high-quality ONT data

(Gustafson et al., 2024; Logsdon et al., 2025), allow us to anticipate that it will be

possible to analyse a substantially larger number of samples in the coming years.

In parallel, continued technological improvements are expected to further increase

sequencing output, read quality, and N50 values, a trend that has already been

observed in recent years (Sereika et al., 2022; Zhang et al., 2024). Consequently,

these advances will enable the generation of more robust conclusions regarding the

diversity and functional or evolutionary consequences of complex genomic regions.

Despite these main limitations identified during the development and application of

CHARONTE, we believe that this tool fills an important gap in current knowledge

of human genome variation, particularly with respect to the characterisation of

regions of intermediate complexity. Specifically, by this, we refer to genomic regions

that span hundreds of kilobases and in which a limited number (few tens) of distinct

haplotypes are expected to be present. Although such regions often contain multiple

genes, they have not received the same level of attention as other extensively studied

loci, such as the amylase region (Bolognini et al., 2024) or the KIR gene cluster

(Mosbruger et al., 2025). Despite that our efforts to date have focused on regions

of this scale, we do not exclude the possibility that CHARONTE could be extended

to the analysis of substantially larger regions.

A further major advantage of CHARONTE is its reliance on a single sequencing

technology, an advantage it shares with GeONTIpe. This significantly reduces the

characterisation costs and facilitates the analysis of a much larger number of sam-

ples, thereby enabling future studies to uncover functional effects or reconstruct the

evolutionary history of many of these regions.

4.3 Inversion catalogue

Leaving aside the software developed, one of the primary objectives of this thesis

was to generate the most comprehensive inversion catalogue to date. The catalogue

presented here comprises a total of 1,235 inversions, although only 680 of these
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exhibit evidence of the presence of both alleles. Compared with previous datasets

generated by our group, this represents a substantial increase in the number of

successfully genotyped inversions. The largest catalogue previously reported by

the group was presented by Campoy (2024), which included 134 inversions. Thus,

in this study, we genotyped 5.05 times more variants than previously reported. In

addition, since 77 inversions included in that study were intentionally excluded from

the analyses performed here, the effective increase is even more pronounced. If we

compare with even earlier studies of the group, such as Giner-Delgado et al. (2019)

and Puig et al. (2020), the observed increase in variant genotyping reaches between

15 times. This highlights the considerable potential of ONT sequencing for the

detection and genotyping of inversions.

In contrast with datasets generated by other research groups, our catalogue is also

among the most extensive in terms of the number of variants analysed. For example,

Schloissnig et al. (2025) reported 733 variants. However, a substantial fraction

of these correspond to inverted duplications, and only 393 polymorphic inversions

were identified with GeONTIpe. Furthermore, the number of inversions analysed

in this work is consistently higher than in other studies that contributed data to

our catalogue. Importantly, beyond the size of the catalogue itself, a key strength

of this study lies in the large number of samples used to genotype each variant.

In addition, we deliberately prioritised detailed genotype resolution and extensive

validation steps to minimise potential errors. Although time constraints prevented

us from implementing corrective analyses for certain regions that require additional

scrutiny, the present work has provided a clear estimate of the number of variants

likely to benefit from targeted re-evaluation.

Finally, due to current methodological limitations, we chose to exclude inverted

duplications from the analysis. Nevertheless, we are actively exploring strategies to

incorporate those variants from the catalogue, as well as to recover other inversions

that could not be analysed due to the lack of suitable probes or the filtering steps.
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4.3.1 Inversion characteristics

The complete catalogue of 1,235 inversions exhibits a mean inversion size of 140 kb,

with variants broadly distributed across size classes and sizes ranging from 301 bp to

4.4 Mb, as shown in Table 3.5. By comparison, studies such as Audano et al. (2019)

and Schloissnig et al. (2025) tend to report inversions within more restricted size

ranges, largely reflecting the characteristics of the sequencing data used, although

other studies such as Levy-Sakin et al. (2019) have reported much larger variants.

In particular, the size distribution observed in our catalogue resembles more closely

that reported in studies that combine multiple sequencing technologies, such as

Chaisson et al. (2019), Ebert et al. (2021), and Porubsky et al. (2022), consistent

with the integration of multiple datasets used to construct our catalogue.

It is important to note that particular emphasis was placed on inversions mediated by

IRs. This focus is reflected by the systematic search for all segmental duplications

(SDs) in inverted orientation across the genome (variants reported whose name

begins with "Mos"), which were used as candidate regions for the discovery of new

inversions. Moreover, the relevance of the detailed analysis of variants generated by

non-allelic homologous recombination (NAHR) mechanisms can be observed in the

extensive manual probe design applied to the initial dataset of 612 inversions used to

develop and benchmark GeONTIpe. Despite their intrinsic complexity, the original

objective of the study was to genotype specifically this class of inversions. However,

the success achieved motivated the inclusion of inversions with diverse mechanistic

and structural characteristics, which ultimately led to the present dataset.

Another noteworthy aspect of this work was the ability to analyse inversions with

BPs greater than those previously studied by our group. Before, digital droplet PCR

(ddPCR) had been the method of choice for genotyping individual inversions with

large inverted repeats (IRs), as demonstrated in Puig et al. (2020). Nevertheless,

ONT long reads have proven to be highly effective in genotyping inversions with

these characteristics. Despite the utility of this technology, considering the typical

read length of the available data, we imposed an upper limit of 200 kb on the size of
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IRs, thus excluding variants that are likely to be polymorphic at the population level.

In fact, we have seen that the longer the IRs are, the more difficult the inversion is for

the genotype. Despite this conservative choice, ongoing improvements in sequencing

technology make us optimistic that such variants will become tractable in the near

future.

4.3.2 Genotype accuracy

To be able to conduct the analysis of this thesis, we want to ensure that current geno-

types are highly accurate. Therefore, we performed several comparative analyses to

evaluate their reliability.

First, we examine the consistency of Mendelian transmission of our genotypes by

comparing the genotypes of offspring from trios with those of their parents. Al-

though this analysis could in principle have been extended to offspring from duos,

we decided to exclude them at this stage, as such comparisons would be inherently

less informative. In this way, we identified 20 Mendelian incompatibilities. In some

cases, we suspect that the use of a permissive threshold for the minimum number of

supporting reads may underlie these inconsistencies. However, this explanation is

less convincing in other cases, particularly where all family members exhibit a high

number of supporting reads (Table 3.8), and several alternative hypotheses can be

proposed to explain these observations.

• Sample contamination: One possible explanation for the observed incon-

sistencies is contamination affecting one or more family members. However,

contamination would be expected to affect not only one or two variants, as

observed here, but multiple variants, particularly those with high AF, where

contamination effects should be easier to detect.

• Recurrence: Inversions mediated by NAHR mechanisms can undergo re-

current recombination events, generating the alternative orientation and thus

leading to apparent Mendelian inconsistencies (Giner-Delgado et al., 2019;

Puig et al., 2020; Porubsky et al., 2022). This mechanism, combined with the
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use of immortalised lymphoblastoid cell lines (LCL) that have undergone mul-

tiple passages, could explain the emergence of an inversion in a subset of cells

within a cell line, followed by clonal expansion that increases its frequency in

a given passage. Such events have already been reported for other SVs (Tosca

et al., 2015). Recurrence could also manifest as somatic mosaicism, which has

been described in several studies (Grimes et al., 2024) and is also suggested

by our data, where reads supporting the opposite orientation were detected

in samples classified as homozygous. Although this phenomenon was not ex-

plored further in this thesis, it has previously been proposed as a potential

avenue for improving the developed software.

• Genotyping errors: As already shown, inversion structural rearrangements

that deviate substantially from expectations or exhibit increased complexity

may generate artefacts during genotyping. In such cases, one might expect

at least one progenitor to carry a similar structure, resulting in comparable

artefacts across samples. However, factors such as the number of reads long

enough to fully span the structure may play a relevant role in these compar-

isons. Future work should include a systematic review of variants showing

Mendelian inconsistencies, for example using dot plot visualisation for each

observed orientation, and validating them using an independent methodology.

• Sequencing artefacts: Another potential source of error arises from sequenc-

ing artefacts. Throughout the analyses, we identified reads that appear to be

artefacts, which we termed "mirror reads", also described in the literature as

"fold-back reads" (Heinz et al., 2025). In our data, one of the two copies

of the duplicated sequence seems to shows a reduced sequence identity, sug-

gesting that it corresponds to the secondary read, while the other represents

the original read. As the proportion of such reads is currently unknown, it is

possible that some of the observed genotyping errors arise from incorrect geno-

type classification driven by these artefacts. However, without a more detailed

characterisation of mirror read properties, their precise impact on genotyping

accuracy remains uncertain.
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Importantly, however, the overall frequency of the observed Mendelian discrepan-

cies is extremely low, 0.071%, corresponding to 20 inconsistencies out of 28,002

comparisons. This is 7-70 times lower than the values reported by Porubsky et al.

(2022), who observed an overall consistency of 95% or 99.5% when restricting the

analysis to high-confidence genotypes. However, this difference may partially reflect

methodological differences between studies or variations in the way inconsistencies

were quantified.

The explanations discussed above may also explain some of the discrepancies ob-

served when comparing our genotypes with previous experimental results. The

general consistency with the experimental data was high, reaching 99%. However,

in this case, errors may also arise from the PCR-based approaches used to genotype

the inversions. In fact, when excluding variants for which experimental genotypes

are suspected to be erroneous, the consistency increased to 99.66%. The case of

HsInv0348 illustrates this issue well. Due to the presence of several duplications,

the reliability of the iPCR assays has long been questioned within the group and

was ultimately reassessed using ONT data. Although the iPCR results for this vari-

ant appear to include more errors than the genotypes produced in this thesis, some

uncertainty remains. Specifically, analysis of LD revealed values close to, but not

equal to, 1, suggesting that a small subset of ONT genotypes may still be incor-

rect. To address this issue, four alternative probe sets were designed for this variant.

However, none of them produced substantial improvements: all probe sets showed

similar levels of discrepancy with the experimental data, and the first set exhibited

not only the strongest linkage but also the best overall performance. Therefore, the

original probe set was retained.

These genotyping inconsistencies could also have an effect on the analyses HWE,

where 10 inversions were found to deviate from the expected proportions of genotype.

We investigated whether a large amount of additional SVs associated with one of

the orientations could explain these deviations, but this did not appear to be a

satisfactory explanation in most cases. For some inversions, a possible explanation

was provided in Table 3.10, but for others it remains unknown. Consequently,
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some of the alternative hypotheses previously discussed could be the most plausible

sources of error.

4.3.3 LD analysis

In general, LD showed that 145 of the 680 polymorphic inversions exhibited a strong

linkage (LD ≥ 0.95) with nearby variants at the global level. The application of

stricter genotype-quality filters resulted in only marginal increases in high-LD sig-

nals, suggesting that read-support thresholds do not seem to represent the main

source of the observed low LD values. In particular, several inversions lacking

strong global LD displayed high LD within specific ancestries, indicating a pos-

sible influence of population-specific haplotype structures. For inversions in which

strong linkage was not detected, multiple factors can explain the observed patterns,

including recurrent inversion events or the age of the inversion, both of which can

substantially affect LD with surrounding variants.

Recombination processes may contribute to the observed discrepancies. Although

inversions typically suppress single crossovers in heterozygous individuals, residual

recombination can still occur through gene conversion within the inverted segment

or via crossovers in the flanking regions, reshuffling haplotype backgrounds. These

mechanisms may generate apparent transfers of variants between orientations or

locally disrupt otherwise strong linkage patterns, particularly in cases with LD values

close to 1. To evaluate these hypotheses, several complementary analyses would be

required. Ideally, an approach similar to that previously used to assess recurrence

should be applied (Giner-Delgado et al., 2019; Puig et al., 2020; Porubsky et al.,

2022). By constructing a phylogenetic tree based on the alleles detected in all the

SNPs in the region and associating them with inversion orientation, a unique origin

could be inferred if the haplotypes with the same orientation cluster together, even

in the absence of fixed variants. In contrast, if different haplotypes of one orientation

cluster with those of the opposite orientation, this could suggest recurrence events or

gene conversion, depending on the observed distribution of variants (Giner-Delgado

et al., 2019). However, so far this analysis is relatively manual and time consuming,
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and was out of the scope of this thesis.

Therefore, it would be important to distinguish well between the different types of

variants under study. An initial approach would be to determine the underlying

mechanisms responsible for generating each variant, which will provide information

into which inversions could be expected to show LD values close to 1.

To address these questions in a comprehensive way, a more accurate characterisation

of the inversion BPs would be required. Although this has traditionally been per-

formed by manual analysis, the increasing number of variants currently under study

renders this approach impractical. Therefore, the development and implementation

of automated alternatives would be highly desirable. One possible strategy involves

leveraging the read-mapping information to distinguish between two scenarios. The

reads aligned on both sides of the inversion that do not overlap indicate the presence

of clean BPs, while the reads that present overlapping hits suggest the presence of

repetitive sequences in the inversion BPs, as expected for inversions mediated by

IRs. However, attempts to apply this strategy using ONT data have yielded ambigu-

ous results, likely due to the presence of multiple spurious hits caused by the “mirror

reads” previously discussed. Despite these limitations, improving the resolution of

IRs and the real BPs constitutes a critical step towards a deeper characterisation

of the variants and could ultimately contribute to the detection and correction of

potential genotyping errors.

For inversions mediated by NAHR, we would not expect to observe strong LD

patterns, particularly for highly recurrent variants, as previously reported (Giner-

Delgado et al., 2019; Porubsky et al., 2022; Campoy, 2024). In cases where linkage is

detected, as observed for some inversions in our analysis, this could suggest either a

low recurrence of the inversion or that no individuals carrying alternative recurrent

events were genotyped in our dataset.

By contrast, for most inversions mediated by non-homologous mechanisms, LD val-

ues close to 1 would be expected, as previously reported (Giner-Delgado et al., 2019;

Campoy, 2024). Nevertheless, several factors could still explain the absence of link-
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age. As already mentioned, one possible explanation is related to the age of the

inversion. At the initial emergence of an inversion, if its formation mechanism does

not generate novel variants at the BPs, no variants fixed to the new orientation would

be expected. However, in successive generations, the loss of ancestral haplotypes,

combined with the accumulation of new mutations and the absence of recombination

between the two orientations, could progressively lead to the appearance of variants

fixed in the inverted orientation. This scenario would be particularly plausible in

the initial stages after inversion generation and for low-frequency inversions, where

genetic drift may have a strong impact and frequencies have not yet increased sub-

stantially. For inversions at intermediate frequencies, the absence of fixed variants

could indicate that the frequency increase was driven by positive selection, allowing

the inversion to rise rapidly before linked variants had time to accumulate.

Additional explanations for the lack of strong LD between inversions and surround-

ing markers include genotyping errors, either in inversion genotypes produced by

GeONTIpe or in the genotyping of nearby variants. In fact, we have already used

LD as a metric for genotype validation, especially for those variants that displayed

LD values close to 1 but did not show perfect linkage with nearby SNPs. The im-

pact of inversion genotyping errors on LD is expected to be multifactorial, as both

the number of successfully genotyped samples and the inversion frequency influence

linkage estimates. For example, inversions genotyped in a small number of samples

are more susceptible to a decrease in linkage due to errors than those supported by

many genotypes. A similar effect is expected for low-frequency inversions, where a

single genotyping error in one allele can disproportionately affect LD estimates.

Thus, taken together, the analysis suggest that our genotypes are generally robust

and reliable, despite the presence of a limited number of variants that warrant further

investigation to ensure the reliability of the genotypes or determine if it is necessary

to adjust some GeONTIpe parameters. Such follow-up should include verifying that

the BPs are accurately defined, given their critical importance to GeONTIpe, as

well as searching for additional structural variation that may be behind genotyping

failures. Future efforts to better characterise these possible errors will likely focus
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on variants with values of LD very close to 1, as these suggest that the majority

of genotypes are consistent with nearby SNPs, and that only a small number of

samples may be driving the observed discrepancies.

4.3.4 Inversion frequency

Due to the large number of genotypes obtained, we were able to investigate the

population frequency and distribution of the 680 polymorphic inversions analysed

in this study. One of the most relevant properties examined was AF, which was

calculated both globally and separately for each ancestry represented in our dataset

(AMR, AFR, EAS, EUR and SAS). Because information on which inversion orien-

tation corresponds to the ancestral state is not available in most cases, we opted to

calculate MAF instead of the derived allele frequency (DAF).

In general, we expect the estimated frequencies to be robust. Nevertheless, for vari-

ants with very low genotyping performance, for example, cases with success rates

as low as 1%, AF reliability of the estimates may be affected. Another potential

source of bias arises from the presence of additional SVs, particularly when these

were frequent and large. Given the underlying principles of the GeONTIpe strategy,

increases or decreases in the distance between probes can enhance or impair geno-

typing accuracy, especially if the additional variant is consistently associated with

one of the inversion orientations.

In contrast to previous studies by our group (Campoy, 2024), we did not formally

distinguish between inversions generated by the non homologous (NH) or NAHR

mechanisms. Although breakpoint information allows us to infer the likely mech-

anistic origin of many variants, the lack of a systematic classification of the origin

mechanism imposes limitations on some downstream analyses. In particular, recur-

rence analyses of NAHR inversions, have not yet been conducted here. Although

such analyses could be performed once the genotypes have been further refined, they

would likely face the constraints inherent to the sequencing methodology. These

approaches typically rely on the association of the inversion orientation with the

surrounding variation, identifying SNPs profiles characteristic of one orientation in
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individuals carrying the opposite (Giner-Delgado et al., 2019; Porubsky et al., 2022).

However, the use of ONT data for a reliable call of SNPs can be challenging, sug-

gesting that recurrence analyses may need to be restricted to samples for which

high-quality SNPs calls are already available.

Returning to the MAF patterns, we observed a wide range of inversion frequen-

cies, from extremely rare variants to those approaching 50%. Our validation and

genotyping efforts focused primarily on variants with a frequency of at least 1%.

Despite this threshold, a substantial proportion of inversions (487 of 680) fell below

this value. This is probably due to the relatively small sample size of most of the

included studies, which results in the selection of rare variants that are present in

those variants. In contrast, due to the large sample size analysed here, we were

able to detect variants with global frequencies as low as 0.04%. This information

will be instrumental in guiding future decisions regarding which variants should be

prioritised for functional impact analyses.

Using these more comprehensive data, we revisit the observed relationship between

inversion size and AF. First, we did not find a consistent negative correlation between

inversion size and MAF, which could be due in part to the higher proportion of

rare variants analysed. However, in agreement with previous results, we detected a

positive correlation between the breakpoint-to-inversion size ratio and MAF, with

higher ratios associated with increased frequencies (Giner-Delgado et al., 2019; Puig

et al., 2020; Campoy, 2024). This pattern is consistent with the observation that

inversions mediated by IRs, particularly when these repeats are closely spaced, tend

to exhibit higher recurrence rates, ultimately driving MAF towards intermediate

values.

4.3.5 FST

The complementary analysis of FST had the objective of identifying which of the vari-

ants analysed exhibited significant differentiation between ancestries. Variants show-

ing elevated FST values can be considered candidates for being affected by natural

selection, potentially favouring specific alleles in particular populations (Holsinger &
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Weir, 2009). Rather than limiting the analysis to the raw values of FST, we compared

them against a null distribution derived from SNPs, allowing us to assess whether

the variants of interest were over-represented among the most extreme values.

Using all polymorphic variants identified in our dataset, we detected 23 inversions

displaying significant global FST values. However, when pairwise comparisons be-

tween ancestries were performed, 64 inversions were found to fall within the top

5% of the FST distribution relative to SNPs. Several of the reported variants had

already been associated with population differentiation in previous studies. Notable

examples include HsInv0389, for which the Inv allele reaches a high frequency in

African populations and is the major allele, in contrast to the remaining ancestries

(Giner-Delgado et al., 2019); HsInv0114, where Std orientation has been reported

as the major allele worldwide, while Africans only present a 18.9% frequency for

this allele; HsInv0124, characterised by a lower proportion of inverted alleles in Eu-

ropean populations; HsInv0266, with South Asian populations showing the highest

frequency of inverted alleles; and HsInv0340, for which African populations have the

highest frequency of inverted allele (Campoy, 2024).

Despite the confirmation of previously reported variants, our analysis also identi-

fied a novel set of inversions exhibiting significantly high FST values. Among these,

some correspond to variants for which earlier studies in our group did not observe

population differentiation, including HsInv0030, HsInv0055, HsInv0209, HsInv0228,

HsInv0241, HsInv0344, HsInv0347, HsInv0348, HsInv0370, HsInv0382, HsInv0397,

HsInv0403, HsInv0414, HsInv0822, HsInv0830, HsInv1111, HsInv1117, and HsInv1124.

These discrepancies may be partly explained by genotyping some of these variants

in only 95 samples as presented in Campoy (2024) and the inclusion of additional

ancestries. In addition, in the case of HsInv0348, the different results could be due

to the high error rate of the PCR data, which apparently overestimated the inversion

frequency in African populations.

Among the significant hits identified in this thesis, several variants had already

been proposed as candidates for functional effects in previous studies, including

HsInv0030, HsInv0055, HsInv0347, HsInv0348, and HsInv1117 (Giner-Delgado et
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al., 2019; Campoy, 2024). Additionally, although direct functional effects for some

other variants were not detected, they overlapped with genes or regulatory elements

that could potentially have functional consequences (Campoy, 2024). Overall, these

results suggest that a larger number of inversions may be influenced by selection

than previously detected. Consequently, this analysis should be interpreted as a

first step in identifying candidates for future studies aimed at detecting additional

signals of selection.

4.4 Detailed analysis of candidate regions

Finally, as the last part of the thesis, we will summarise a subset of variants for

which we were able to perform a more in-depth structural analysis and integrate

all the available information. This set includes variants that were characterised

manually and those analysed using GeONTIpe and CHARONTE. These variants

represent strong candidates for further analysis in more individuals, particularly in

the context of their potential functional effects as complex genomic regions.

4.4.1 HsInv0012-0659

This region of chromosome 1 (chr1:248,359,787–248,688,406) is characterised by the

presence of two pairs of inverted SDs of 38 kb and 59 kb, respectively, and has been

reported to contain inversion candidates in several of the studies used to populate

our catalogue (Chaisson et al., 2019; Levy-Sakin et al., 2019; Ebert et al., 2021;

Byrska-Bishop et al., 2022), particularly a 10 kb inversion mediated by the 59 kb

SDs (HsInv0012). However, the structural organisation of the region suggested the

presence of a second larger inversion of 172 kb that encompassed the smaller one

(HsInv0659). The analyses performed with GeONTIpe suggested that the frequency

of the inverted orientation of the smaller inversion was 70.58%, while that of the

larger inversion was 1.33% (Moreira-Pinhal et al., 2025). Nevertheless, it is impor-

tant to note that this second inversion could be genotyped in only about 30% of

individuals, mainly because probes A and B were placed more than 100 kb apart.

As part of this analysis, in addition to the inversions, several SVs were observed,
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including multiple variants located within the internal region between the SDs, in-

dicating that the reference genome (GRChr38) represents a minor haplotype. More-

over, there was a 40 kb deletion that removed the space between the second inverted

SDs of both inversions. Finally, an inverted duplication was also found affecting the

same segment, which relocated that sequence upstream of the first copy of the 59 kb

segmental duplication in sample HG02723. For this region, 6 different haplotypes

were found. in the set of 54 samples.

Although several of the previous studies reported variants in this region, only Ebert

et al. (2021) appears to indicate the presence of the larger inversion (HsInv0659)

based on the provided coordinates, which emphasises the importance of our de-

tailed analysis. Regarding the distribution in the population, although 12 of the 14

individuals who exhibit inverted orientation of HsInv0659 belong to African popula-

tions, no significant population-specific differences were observed for either variant.

Moreover, LD analysis revealed that, for the smaller inversion (HsInv0012), several

SNPs in East and South Asian populations (EAS and SAS) exhibited LD values

higher than 0.85, with top values of 0.927 and 0.892, respectively. For the larger

inversion, LD values of 1 were observed in East Asian and American populations.

However, this appears to result from a single individual carrying the variant in both

ancestries.

From a perspective of gene content, this region contains multiple members of the

olfactory receptor (OR) gene family, which is known to display a large variation in

copy number throughout the genome, including a cluster in 1q44 (Young et al., 2008).

Among members of the OR family, there was already evidence of OR2T10 deletion,

consistent with the 40 kb deletion described above. According to Young et al. (2008),

this deletion was estimated to occur with a frequency of 9%, while GeONTIpe

suggests a lower frequency of approximately 1.8%. Despite these discrepancies, this

region does not appear to have a high haplotype diversity and could be a suitable

candidate for further analysis using CHARONTE. In addition, the possible effects

on the OR genes make it also a good candidate for functional analysis.
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4.4.2 HsInv0231

This genomic region has already been highlighted in Section 3.4.6, which describes

the implementation of CHARONTE to resolve the different structural haplotypes

present. However, in the current section we will focus on the existing knowledge

about this region, previously reported findings, and their consistency with the results

obtained in this study. As mentioned above, the HsInv0231 region was previously

detected in the studies of Ebert et al. (2021) and Byrska-Bishop et al. (2022), and

was analysed using both software tools developed in this thesis, revealing some

discrepancies that have already been addressed. Genotyping revealed the presence

of a low frequency inversion (1.92%), as well as a 70 kb deletion with a frequency

of 16.81%. This deletion appears to be caused by the presence of SDs in direct

orientation, whereas the inversion is likely generated by SDs arranged in inverted

orientation.

Focussing only on the inversion, no significant differences in frequency were observed

between populations. In addition, SNPs with LD equal to 1 was detected in the

American and European populations, although none of the identified variants was

shared between these populations. The absence of globally fixed variants is not

unexpected, given not only the presence of other SVs in the region, but also the

detection of a recurrence event of the inversion detected by CHARONTE in Asian

populations, which could explain the observed lack of LD on a global scale.

Interestingly, this region has been extensively investigated due to the presence of

genes involved in the Rh blood group antigen system. In fact, several studies have

reported the existence of SVs in this region, including polymorphisms affecting RHD

and RHCE genes, such as deletions of RHD (Okuda & Kajii, 2002; Srivastava et al.,

2018). However, the deletions described in those studies do not appear to correspond

to the 70 kb deletion observed here. In addition, multiple RHD/RHCE hybrid genes

have also been reported (Wheeler et al., 2019).

This same region was analysed in the first release of the Human Pangenome, where

a total of ten different haplotypes were identified. Two of these haplotypes present
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in Liao et al. (2023) had complete deletion of RHD, named RHCE and RHCE-

RHD(2)-RHCE, respectively, with a combined frequency of 18%, a value consis-

tent with that observed in our study. Furthermore, an inverted haplotype (RHD-

RHCE(10);inv;RHCE-RHD(10)) was detected at a frequency of 1%. Nevertheless,

several hybrid configurations involving both genes have also been described that

cannot currently be detected by either GeONTIpe or CHARONTE. This limitation

is partly due to the fact that these configurations arise within regions characterised

as SDs, where the density of k-mers is reduced and limits our analysis capabilities.

However, due to the relatively small number of samples interrogated in that study,

other variants such as the 115 kb inversion or the inverted duplication detected

by CHARONTE were not identified. Therefore, despite the differences observed

between the studies, the software developed in this work provides a robust overview

of the structural configurations reported in the Human Pangenome, suggesting that

CHARONTE can be highly useful for performing an initial exploratory analysis of

structural diversity within a genomic region.

4.4.3 HsInv0348

The HsInv0348 region on chromosome 14 (chr14:105536882–105859988) has already

been briefly discussed in previous sections in relation to the high error rate observed

when comparing the data generated by ONT with experimental genotypes. How-

ever, given the particular interest of this locus, it needs a more detailed discussion.

This region was originally described by our group in Campoy (2024), and has been

reported to harbour several SVs in multiple studies that were used to build our

inversion catalogue (Audano et al., 2019; Chaisson et al., 2019; Ebert et al., 2021;

Byrska-Bishop et al., 2022).

First, when this region was examined in more detail for analysis using the ONT

reads, a potential source of error was identified. A highly similar sequence with

approximately 95% of identity is located around 115 kb upstream of the HsInv0348

inversion. However, this sequence appears to be consistently orientated in the oppo-

site direction to that of the reference genome for the HsInv0348 region. To confirm
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this observation, a specific set of probes (called HsInv1891) was designed and used

to genotype the 54 samples included in the study by Moreira-Pinhal et al. (2025),

which showed no evidence of an orientation change at this upstream locus. However,

in the dataset of 1,409 samples, HsInv1891 was also identified as polymorphic, albeit

at a much lower frequency (1.19

When comparing the HsInv0348 genotypes inferred from the ONT data with the cor-

responding experimental results, several discrepancies were detected. As discussed

previously, we tested multiple sets of alternative probes, particularly extending them

beyond the set of SDs included within the region. However, none of these alterna-

tive designs resulted in a significant improvement compared to the experimental

genotypes. In addition, inconsistencies were also observed among genotypes gener-

ated from ONT data by the different probe sets, suggesting the presence of other

underlying confounding factors.

To further investigate this issue, we compared LD between variants detected by each

probe set, under the assumption that a variant that shows a perfect or near-perfect

linkage (LD close to 1) should imply more reliable genotypes. For three of the probe

sets tested, we identified SNPs with a global LD greater than 0.95, seven of which

were shared between the three designs. This suggests that despite the observed

discrepancies, the ONT genotypes are largely consistent. Moreover, it indicates

that the discrepancies with the experimental genotypes likely result mainly from

the complexity of the iPCR assay due to the presence of the upstream duplicated

region. Given the absence of significant differences in performance among the probe

sets, the original design was retained, as it exhibited the best overall performance.

Currently, our working hypothesis is that the small discrepancies between probe sets

are caused by reads originating from the upstream region that would be erroneously

incorporated into the analysis of HsInv0348, thus confounding the genotyping pro-

cess. An alternative explanation is the presence of additional haplotypes that carry

other rearrangements. Specifically, the existence of two direct repeats could facili-

tate the deletion of the HsInv0348 inversion region, which, due to the high sequence

similarity to the upstream segment, might result in reads derived from such haplo-
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types being incorrectly interpreted as supporting HsInv0348. Although this deletion,

together with other SVs affecting the region, has been reported in previous studies,

this hypothesis cannot be conclusively validated at present (Jana et al., 2025).

Using these reliable majoritarian genotypes, by performing a FST analysis, we were

able to detect significant differences in the frequency of inversion of HsInv0348 be-

tween populations. The African ancestry showed a markedly lower frequency of the

inverted allele (approximately 3%), while in the remaining populations the frequency

was between 30% and 57%. Importantly, no substantial differences in GeONTIpe

performance were observed between populations, suggesting that these frequency

differences may reflect genuine biological variation rather than technical artefacts.

In previous analyses, when the potential functional effects of inversion were ex-

amined using experimental genotypes, it was found to be associated with chronic

spontaneous urticaria, as well as with expression changes in the lncRNA gene

RP11-731F5.2 and the pseudogenes IGHGP and ELK2BP (Campoy, 2024) Further-

more, it was shown that the region overlapped an area enriched with H3K27ac and

H3K4me1 marks and was located near two enhancers that interact with the protein-

coding gene TMEM121 (Campoy, 2024). From a perspective of gene content, the

region contains several genes from the immunoglobulin heavy chain constant region

(IGH) family, which have very important functions in adaptive immunity. Among

them, IGHA1 is the gene closest to inversion, although it does not overlap with it

directly. In addition to these genes, the region contains a large number of SDs in

direct and inverted orientations with identities that can reach up to 96%.

Four IGHG genes (IGHG4, IGHG2, IGHG1 and IGHG3 ), which are close to our

inversion, have previously been studied, harbouring multiple variants that generate

different allotypes in populations (Bashirova et al., 2021). This further supports

the complexity of haplotypes in this region, at least at the SNPs level. Recently, in

addition to the inversion itself, several deletions and insertions have been identified

that affect multiple members of the IGHG gene family (Jana et al., 2025). In

particular, a 120 kb insertion duplicates several genes in the region, potentially giving

rise to a third copy of the high-identity duplicated region associated with HsInv0348.
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In addition, a fusion between IGHA2 and IGHA1 was also identified accompanied

by the loss of IGHE, IGHG4, and IGHG2, probably causing the deletion of the

HsInv0348 sequence (Jana et al., 2025). Together, these SVs further support our

hypothesis that alternative haplotypes can interfere with the genotyping process in

this region, although the number of individuals affected by these additional SVs is

relatively small. Thus, these findings highlight this region as a compelling candidate

for a more comprehensive structural and functional characterisation.

4.4.4 HsInv0390

This genomic region was also used for the optimisation of CHARONTE, and its

structural configuration has already been described in Section 3.4.5. The region

was previously characterised in the study of Beck et al. (2015), where the authors

proposed the existence of a mechanism capable of exchanging variants between the

SDs present in the region, as well as the occurrence of possible rearrangements

caused by polymerase stalling during repeat replication. These rearrangements were

reported to affect PLP1 gene, which is located approximately 140 kb upstream of

the region analysed here (Lerga Jaso, 2020; Puig et al., 2020). The inversion was

previously genotyped by the group in 95 individuals using ddPCR (Puig et al.,

2020) and was therefore incorporated into our inversion catalogue as a previously

known variant. However, its existence is further supported by several additional

independent studies (Chaisson et al., 2019; Ebert et al., 2021).

In our analysis, the inverted allele was detected with a AF of 53.16%, a value slightly

higher than that reported in the previous study (Puig et al., 2020) and in the 54

samples analysed in Moreira-Pinhal et al.(2025), which was close to 48%. However,

there were marked differences in genotyping performance between datasets: while

Moreira-Pinhal et al. (2025) achieved a success rate of 98%, genotyping of 1,409

samples showed a success rate of only 30%. This reduction is most probably due

to the inclusion of samples with read lengths insufficient to span the 70 kb BPs

of the inversion. However, we expected that the frequency value obtained here is

closest to reality due to the much higher number of genotyped samples. Analysis of
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FST revealed that there was no population differentiation and no evidence of LD was

detected in any ancestry, which is consistent with previous observations (Lerga Jaso,

2020).

In addition to the inversion itself, several other SVs were identified, most notably

a deletion of approximately 10 kb located at the second breakpoint. This variant

was not previously detected, as its size is unlikely to produce a measurable effect

on ddPCR results when genotyping HsInv0390 with this technique (Puig et al.,

2020). Furthermore, no evidence was found to suggest functional consequences of

this deletion, either through effects on TMSB15C or SLC25A53, which are the genes

closest to the variant. The analyses also did not identify evidence that indicates a

recurrence of this deletion. Moreover, the shift of this variant from breakpoint 2 to

breakpoint 1 was also not observed in any of the samples, suggesting that the true

BPs of this inversion may be located more internally within the SDs, at least for the

samples carrying the deletion.

4.4.5 HsInv0394-816-822

The next genomic region that could be considered a suitable candidate for anal-

ysis using CHARONTE is composed of the variants HsInv0394, HsInv0816, and

HsInv0822. This region is of particular interest due to the presence of the melanoma

antigen gene family cluster (MAGE) located in Xq28. As described in the corre-

sponding results section (Section 3.4.1), this region is characterised by the presence

of three inversions, the most frequent of which is the one located between the inner-

most SDs. This inversion was previously genotyped using ddPCR (Puig et al., 2020)

and later confirmed that the minor allele corresponded to the orientation present in

GRCh38 (Porubsky et al., 2023). Besides the previous knowledge of HsInv0822, the

other two inversions were also detected in multiple independent studies that were

used to create our inversion catalogue.

This region was initially analysed using GeONTIpe, allowing us to estimate the

frequency of each inversion independently. When assessing FST among ancestries,

no significant differences were detected globally. However, pairwise comparisons be-
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tween ancestries revealed that HsInv0822 showed significant differentiation between

American and European populations compared to Asian populations (both EAS and

SAS), which was not previously reported in other studies (Puig et al., 2020). Inspec-

tion of the AF across populations revealed that this differentiation was driven by a

higher frequency of the inverted allele in European, American and African popula-

tions (68-74%) relative to Asian populations (38-46%). However, no differences are

observed in either of the other two inversions. None of the variants showed evidence

of linkage in any of the ancestries analysed either, indicating that they are probably

highly recurrent, as already suggested for HsInv0822 (Puig et al., 2020; Porubsky

et al., 2022).

As discussed previously, given the structural complexity of the region, we performed

an additional analysis to identify the possible structural configurations that could

arise from the combination of the three inversions. Of the eight theoretically possible

configurations, six were observed in our dataset. This combination of inversions was

previously analysed in Pangenome data by Porubsky et al. (2023) and we evaluated

whether the samples reported as carrying each structural haplotype were consistent

with our observations. In that study, five haplotypes were described, four corre-

sponding to different inversion configurations and an additional inverted duplication

located between the SDs termed R5 and R6. In our framework, this inverted dupli-

cation would affect the second breakpoint of HsInv0394 and the second breakpoint

of HsInv0816.

The authors reported that the most frequent configuration was H1, corresponding to

the entire region being in direct orientation, which also matches the orientation of the

T2T-CHM13 reference genome. This is fully consistent with our results, where we

estimated an approximate frequency of this configuration is 59%, closely matching

the 69.3% suggested by their haplotype counts. For the remaining haplotypes, we

examined the specific samples reported in both studies, bearing in mind that in our

analysis the inversions were treated as independent variants, requiring a conversion

of the reported orientations. After accounting for this, configuration of all common

samples was found to be compatible. However, the previous study proposed the
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existence of three independent inversion events mediated by distinct SDs, rather

than a model based on nested inversions, which seems more parsimonious.

Overall, despite the necessarily limited nature of our analysis, primarily due to the

inability to phase haplotypes, we have shown that the general structural landscape

observed is highly consistent with the findings reported in a previous study, support-

ing the reliability of the haplotypes identified in our analysis. Importantly, the inclu-

sion of a larger number of samples allowed us to identify two additional haplotypes

beyond those originally reported. This observation underscores the importance of

analysing structurally complex regions in larger datasets, as increased sample sizes

can substantially refine haplotype resolution and strengthen the conclusions that

can be drawn from such regions.

4.4.6 HsInv0401

The HsInv0401 was the first region used to optimise CHARONTE and its main

characteristics were previously described in the corresponding Section 3.4.4. This

variant of chromosome X was identified in several studies used to build the inversion

catalogue (Audano et al., 2019; Chaisson et al., 2019; Ebert et al., 2021). In the

initial genotyping analysis using 54 samples, the inverted allele showed a frequency of

73%, which was highly consistent with the frequency observed in the larger dataset

of 1,409 samples (72%). When stratifying by ancestry, the inverted allele was less

frequent in African populations, with a frequency of 43%, with significant differences

observed in the FST analysis.

A distinctive feature of this variant was the presence of insertions and deletions of

approximately 12 kb, or multiples thereof. This pattern suggested the existence

of a copy number variant involving a pre-existing sequence in the reference genome

(GRCh38). Sequence inspection revealed that this element is located within the SDs

that mediate the observed inversion. Due to the fact that the haplotype diversity

had already been manually characterised as part of Moreira-Pinhal et al. (2025),

this region was selected for the development and validation of CHARONTE.
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Using this tool, we were able to identify a total of 18 distinct haplotypes, resulting

from the combination of the inversion and the change in the number of copies of

the 12 kb sequence at each breakpoint. This extensive haplotype diversity likely

explains the absence of detectable LD with nearby variants. Furthermore, we ob-

served that this variable sequence encompasses the XAGE1 gene, making this region

a compelling example of the potential effects of changes in gene dosage associated

with SVs.

XAGE1 belongs to the GAGE gene family and has been implicated in the avoidance

of apoptosis. It is known to be expressed in germ cells and is frequently observed

in malignant cancers, including breast cancer. Four main transcripts of this gene

have been described, with XAGE-1b being the predominant isoform (Jumaa & Ra-

madhan, 2021). Despite previous studies, to date, variation in the copy number of

this gene has not been reported. Given its potential effect in cancer, this makes the

region a candidate of high-interest for further investigation, particularly to assess

the functional relevance of the different identified haplotypes.

4.4.7 HsInv0786

Another region that was manually analysed to further unravel the underlying struc-

tural complexity was HsInv0786. This region is involved in different GWAS hits and

the inversion was previously associated with an asthma-obesity phenotype and ex-

pression changes in several genes (González et al., 2014a; Puig et al., 2020; Campoy,

2024). As mentioned in the previously presented Section 3.4.2, this region contains

some SDs, with one inverted pair of approximately 134 kb that is involved in the

generation of the inversion. However, it is important to note that these SDs belong

to one of five clusters of SDs. These five clusters are called BP1 to BP5 and together

span approximately 4.5 Mb within the chromosomal band 16p11.2.

The 16p11.2 locus is characterised by the presence of extensive structural rearrange-

ments, specifically between two of these clusters SDs (BP4 and BP5). These SDs

clusters have undergone rapid expansion in humans, facilitating the emergence of

CNVs in this region. In particular, the BP4–BP5 interval also harbours the recurrent
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16p11.2 microdeletion and microduplication syndromes, which have been associated

with developmental delay and other mental disorders (Auwerx et al., 2024; Taylor

et al., 1993).

The HsInv0786 region analysed here is found between the BP1 and BP2 clus-

ters, spanning approximately 500 kb. This interval contains several genes, among

which the NPIPB6–9 genes are particularly notable, since paralogous copies are also

present in other groups of SDs within the same 4.5 Mb region. However, the function

of these genes remains unknown and further characterisation is needed (Dishuck et

al., 2025). Additional candidate genes in this region include EIF3CL and SULT1A,

the latter of which shows reduced expression associated with the inversion (González

et al., 2014a).

The region was initially analysed using GeONTIpe, which detected the known inver-

sion with a frequency for the minoritary inverted allele of 33.48%, which is similar

to the 25% reported by Puig et al. (2020). No significant differences in frequency

were detected among the ancestries analysed. However, when LD was evaluated

with nearby variants, a single SNP showing a strong link (0.938) was identified in

European populations. Relaxing the LD threshold to 0.8 revealed that four ances-

tries harboured at least one variant exceeding this value, with eight variants shared

by three of the ancestries. In this context, both potential genotyping biases, arising

from haplotypes that may be more easily genotyped due to the presence of dele-

tions, or the recurrence of the inversion, as previously suggested (Puig et al., 2020),

could be responsible for the lack of associated SNPs. However, without a more

comprehensive analysis, it is not possible to clearly discriminate between these two

scenarios.

Beyond the inversion itself, GeONTIpe reported several additional SVs, including

deletions of 114 kb and 11 kb, as well as a 114 kb insertion. All of these variants were

subsequently validated by manual inspection. This manual analysis also revealed

a previously unreported 12 kb insertion that was not captured by the HsInv0786

probes. The two deletions and the 114 kb insertion are located within the 134 kb

SDs, with the 114 kb deletion being mediated by direct repeats of 20 kb nested
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within both copies of the 134 kb duplication. Interestingly, the 114 kb deletion and

the insertion are expected to directly affect copies of the EIF3CL gene, whereas the

12 kb insertion impacts the SULT1A gene. Despite the limited number of samples

analysed, we were able to identify 19 distinct structural configurations.

When comparing these structures with the 13 haplotypes reported by Dishuck et al.

(2025), the relative proportions of inversion orientations were generally concordant

between both studies. However, in that work, the T2T-CHM13 genome is considered

the reference, and it is assigned the "direct" orientation for the HsInv0786 region,

which for us corresponds to the inverted allele. Consequently, the D7 haplotype

reported in their study (T2T-CHM13) would correspond to our H11 haplotype (Ta-

ble 3.12). Similarly, our haplotypes with the 114 kb deletion (H2, H9, H13, and

H16) could correspond to haplotypes I14, I11, and D10, which suggests that the

standard allele (according to GRCh38) carrying the deletion at BP1 may not have

been detected. Additionally, the 114 kb insertion at BP1 does not appear to be

reported in that study either. Nevertheless, an increase in SULT1A copy number

was described, which is consistent with our observations. Further comparisons are

currently limited due to the lack of a more exhaustive sequence-level analysis of the

haplotypes reported in that work. However, the sample reported to contain haplo-

type I9 was classified in our analysis as harbouring the standard orientation with

an 11 kb deletion in BP2, which is compatible with their findings.

The Dishuck et al. (2025) study also reported three additional inversions that af-

fect several NPIP genes. Inspection of our inversion catalogue revealed multiple

candidates whose genomic coordinates could overlap with these regions. For ex-

ample, in the 16p11.3 region, HsCan4599, HsInv0363, HsInv0551, HsInv1936, and

Mos-16-14815630-15240398 are compatible with the reported coordinates. Among

these, HsInv0363, an inversion mediated by approximately 72 kb SDs, emerges as

the most plausible candidate, as the minor allele (Std in our framework, “direct” in

theirs) shows a frequency of approximately 28% in both cases. In the sample used as

an example for haplotype I3, GeONTIpe detected a pair of reads supporting the Inv

orientation, which is consistent with their observations. Other candidate inversions
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in this region were also found to harbour inverted alleles, although at much lower

frequencies, potentially reflecting the presence of additional rearrangements among

the multiple SDs present in this locus.

In the second reported region, 16p13.11–12.3, two variants (HsCan4609 and HsInv0365)

appear to be plausible candidates, with HsInv0365 being the most likely. HsInv0365

corresponds to an inversion mediated by SDs of approximately 148 kb. For this

inversion, the inverted allele showed a frequency of approximately 5%, consistent

with that observed in Dishuck et al. (2025) study. Given the large size of the asso-

ciated BPs, the genotyping performance in this region was extremely low. Thus, a

direct comparison of the genotype of the only sample with the inversion in common

was not possible, as only two supporting reads were reported and the genotype was

classified as low confidence.

Finally, the region reported as 16p12.2 does not appear to clearly correspond to

any of the inversions analysed in our study. The closest candidate is HsInv0152, for

which we inferred BPs of approximately 102 kb in GRCh38. However, this is sub-

stantially smaller than the 262 kb SDs visible in the T2T-CHM13 assembly. For this

variant, we detected the inverted allele in approximately 1.8% of the chromosomes,

which could be compatible with the reported frequency. Nevertheless, when exam-

ining the sample analysed in the previous study, the inversion status contradicts

our results. Given that our genotype is supported by 58 reads with the standard

orientation, it is unlikely that one of the two alleles would have been missed in our

analysis. Examination of probe location using Pangenome assemblies for this sam-

ple (HG03516) showed that probes A, B, and C exhibited configurations consistent

with those reported by GeONTIpe, while probe D showed a double hit, making it

unreliable. This suggests that the observed discrepancy is most likely due to the

fact that the two variants are not equivalent.

In summary, this work provides a preliminary overview of this complex genomic

region, which, although not analysed as comprehensively as in Dishuck et al. (2025),

shows substantial concordance between the GeONTIpe-based observations and pre-

viously reported results. In addition, GeONTIpe enabled the detection of smaller-
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scale variants that can be overlooked when focussing on large regions or when vari-

ants do not directly affect NPIP genes, which are the main focus of the referenced

study. The manual analysis of HsInv0786 allowed the disentanglement of several ad-

ditional haplotypes, some of which show clear internal consistency. Future work will

aim to incorporate this region into CHARONTE, enabling a more detailed struc-

tural analysis and substantially increasing the number of individuals that can be

analysed.

4.4.8 HsInv1117

The final region examined corresponds to the HsInv1117 inversion, located on chro-

mosome 10 (chr10:4,925,933–5,031,863). This variant was originally identified through

a comparative analysis between the reference genome available at the time (HG18)

and the HuRef genome derived from J. Craig Venter (Venter et al., 2001), and then

validated and genotyped in our group through sequence analysis (Vicente-Salvador

et al., 2017). This region is flanked by SDs of approximately 57 kb. However, man-

ual inspection of these sequences identified the inversion BPs within a much smaller

region of just 520 bp, which allowed genotyping of multiple individuals using iPCR

(Campoy, 2024).

Regarding the possible functional consequences of the HsInv1117 inversion, these

SDs overlap with the AKR1C1 and AKR1C2 genes, as well as several pseudogenes.

In addition, the experimental genotyping of this inversion revealed several potential

functional effects (Lerga Jaso, 2020; Campoy, 2024). Specifically, 15 phenotypic

associations with variants in the GWAS Catalog were detected, together with a new

fusion transcript identified in inverted orientation. Furthermore, several changes

in gene expression that affected more than ten tissues were associated with this

inversion (Lerga Jaso, 2020; Campoy, 2024).

In this case, for ONT genotyping, manual analysis of the SDs mediating the inver-

sion allowed the placement of the external probes (A and D) within the respective

repeat elements. Nevertheless, due to uncertainty as to whether the most external

portions of these SDs might also contribute, albeit to a lesser extent, to inversion
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formation, a second probe set was designed that encompassed the entire sequence

of the SDs (HsInv1117L). To assess the relative performance of both probe sets,

we compared their genotyping results with previously obtained experimental data

and found no discrepancies for either configuration. We then directly compared

the genotypes between both probe sets and observed 753 differences, although they

all corresponded to a transition from valid genotypes to non-determined (ND) or

low-confidence genotypes. The only exception involved a change from a standard

homozygote (HsInv1117) to an heterozygote (HsInv1117L).

Both probe sets exhibited high linkage with nearby SNPs, with the internal set

showing an r2 of 0.99 compared to 0.97 for the external set, despite both being linked

to the same nearby variant. The slight deviation from perfect LD suggests that

only a very small number of samples differed in genotype, with the internal probes

performing slightly better, probably due in part to the larger number of supporting

reads. Inspection of raw data revealed that for both probe sets, the sample showing

a discrepancy genotype between inversion and SNP was HG03856, which belongs

to the South Asian population (SAS). Its homozygous standard genotype reported

had support from only three reads, but the GeONTIpe methodology identified three

SNPs showing differences between the reads, which supported the presence of both

alleles. However, when we look at the 1000GP data , the linked variant exhibited a

heterozygous genotype.

Based on these observations, the origin of the discrepancy remains unclear, whether

it arises from a genotyping error derived from ONT or from a modification of the

linked variant due to a localised mutational event, gene conversion or a single, highly

specific recurrence. This linked SNP was located within the second segmental dupli-

cation, suggesting that a recurrent rearrangement event may explain the observed

loss of linkage. A similar inconsistency in LD had previously been observed in

iPCR data, where the sample NA19474 from the African (AFR) population showed

a homozygous standard genotype for the inversion, while the same linked variant

was heterozygous. To rule out an experimental artefact, the iPCR was recently

repeated, yielding the same genotype. Unfortunately, no ONT data were available
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for this sample, leaving the underlying cause of these discrepancies unresolved.

Given these results, we opted to retain the internal probe genotypes, as they exhibits

stronger LD with nearby variants and overall better performance. However, the

possibility of a slightly different inversion mediated by more external regions of the

SDs cannot be excluded, which would be a recurrence event. For this reason, this

region emerges as a strong candidate for further analysis using CHARONTE, as the

relatively low overall sequence identity of these repetitive elements suggests that

the strategic incorporation of multiple k-mers could be critical to elucidating the

underlying structural dynamics of this locus.

In this work, we propose several solutions to try to properly characterise inversions

and other complex variants. Nevertheless, a certain number of regions still had to be

excluded from our analyses, and further technical and methodological improvements

will be necessary to enable a reliable analysis of a broader set of regions.

4.5 Future perspectives

To conclude the discussion of the results obtained in this thesis, it is important

to emphasise that this work has been made possible by the development of ONT

sequencing, with the increasing availability of reads and their growing length, and

by the continuous expansion of the number of samples generated using this tech-

nology. These advances have enabled not only the discovery and genotyping of a

larger number of inversions, many of which could not be studied before, but also a

more reliable characterisation of complex regions. Such improvements are reflected

across the studies used to curate and expand the inversion catalogue, which now

encompasses a substantially larger number of events and allows their genotyping

with progressively higher confidence.

Nevertheless, important challenges remain and must be addressed in order to fully

exploit the methodological advances that are currently emerging. Although further

refinements are still required for the characterisation of some of the regions analysed

in this thesis, we are closer than ever to achieving a comprehensive view of a class of
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SVs that has been underexplored for a long time. As the end of one path becomes

visible, new crossroads emerge, particularly those related to a level of structural

diversity far greater than initially anticipated.

One of the future perspectives arising from the work presented in this thesis is the

further refinement of the genotypes reported here through the multiple complemen-

tary analyses performed, with the aim of generating a highly reliable genotype set

that will serve as a foundation for subsequent studies. The goal is to update In-

vFEST by incorporating all information obtained from the merged studies together

with the newly derived genotypes, making these data openly available for the re-

search community. This effort will transform InvFEST into the most comprehensive

inversion dataset to date, which can subsequently be complemented with functional

annotations as new evidence emerges.

As discussed above, accurate characterisation of SVs constitutes a fundamental pre-

requisite for downstream genomic and functional studies, and novel methodological

approaches are required to fully address this challenge. Many of the inversions

identified in this study, as well as previously described ones, can be used for the

imputation of inversions in large-scale cohorts, such as the UK Biobank or disease-

specific datasets for complex traits. This would enable a systematic investigation

of the contribution of inversions to phenotypic variation. In particular, it would fa-

cilitate phenome-wide association study (Phewas) analyses for inversions that have

no linkage with SNPs, a scenario that is especially relevant for recurrent inversions.

For many inversions, imputation is currently based on a quite limited number of

genotypes, and the great genotype increase generated in this work could improve

considerably the imputation of recurrent inversions. However, for inversions that

cannot be reliably imputed, the methodology developed in this work provides a

framework for direct genotyping, provided that long-read sequencing data are avail-

able. Given the continuous reduction in sequencing costs, the availability of such

data is expected to increase substantially in the coming years.

Regarding complex regions, future perspectives are conceptually similar, but in-

volve an additional layer of complexity. Dissecting the functional impact of these
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regions will likely require strategies to associate specific structural haplotypes with

phenotypic outcomes, including the development of haplotype-based imputation ap-

proaches. This will be necessary to disentangle the effects of unique combinations

of SVs within these regions. Complex regions are also of particular interest from

an evolutionary point of view, especially in cases where haplotype diversity differs

markedly from that observed in other species (Guitart et al., 2024; Paparella et al.,

2023). Among these candidates, some may provide insight into genetic features that

contribute to human-specific traits.

From a clinical perspective, this work opens the possibility of investigating unre-

solved cases in which exome sequencing has failed to identify a causal variant. Since

exome-based approaches remain standard practice in clinical settings, SVs are often

underdiagnosed. Incorporating the analysis of structural variation, particularly in-

versions and complex haplotypes, represents a novel avenue for the diagnosis of rare

genetic diseases and will help clarify the contribution of SVs to monogenic disorders.

Finally, although our current expertise in this domain is not yet as mature as that

of simpler variants, this work opens the door to the discovery of combinations of

SVs whose functional or evolutionary effects have remained largely unnoticed due to

longstanding methodological limitations in their accurate detection and character-

isation. We believe that we are still only at the threshold of what next-generation

sequencing technologies can offer and that many additional associations will con-

tinue to emerge as new haplotypes are identified and systematically characterised in

the future.



5. Conclusions

The main conclusions derived from this work are as follows:

1. Long-read sequencing data from ONT have proven to be highly effective in

characterising and genotyping genomic variants that were previously inacces-

sible to standard approaches. This capability is particularly relevant for the

detection and analysis of inversions generated by NAHR mechanisms.

2. We have generated the most comprehensive catalogue of polymorphic human

inversions to date, integrating 13 independent studies and 21,530 variants. Of

15,605 non-redundant candidates, 1,235 were finally analysed in a large set of

samples.

3. GeONTIpe was specifically designed for accurate inversion genotyping and

has demonstrated strong performance compared to previously obtained exper-

imental data. Nevertheless, several candidate inversions were identified that

require additional revision to further validate and refine the inferred genotypes.

4. A total of 680 polymorphic inversions were identified, exhibiting a wide spec-

trum of frequencies. Among these, 64 variants showed significant population-

specific frequency differences, some of which corroborate previously reported

findings, while also introducing new candidates for the investigation of poten-

tial selection signatures.

5. The dataset comprising 1,409 samples is the largest compilation of samples

sequenced with ONT and our inversion genotypes for 680 polymorphic inver-

sions in these samples represents by far the largest dataset on human inversions

248



249

to date. This data constitutes an extremely valuable resource for uncovering

novel functional implications of inversions in human disease and phenotypic

traits.

6. The application of GeONTIpe enables the detection of additional SVs within

inversion regions, revealing a degree of structural complexity driven by repeti-

tive sequences that is higher-than-expected. This has led to the identification

of multiple loci that display distinct structural conformations that are defined

as “complex regions”.

7. Based on GeONTIpe results, several previously unreported structural confor-

mations were identified in different complex regions, including different SVs

that were accurately characterized through detailed manual inspection of the

sequence data.

8. CHARONTE is a newly developed tool for the characterisation of complex ge-

nomic regions, and was applied to three loci, allowing the detection of multiple

structural haplotypes in a large number of individuals and with high accuracy.

This tool has demonstrated its ability to genotype complex structural hap-

lotypes in repeat-rich complex regions harbouring multiple SVs that had not

been previously explored in depth.
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Structural variation in 1,019 diverse humans 
based on long-read sequencing

Siegfried Schloissnig1,19, Samarendra Pani2,3,19, Jana Ebler2,3, Carsten Hain4, Vasiliki Tsapalou4, 
Arda Söylev2,3, Patrick Hüther1,5, Hufsah Ashraf2,3, Timofey Prodanov2,3, Mila Asparuhova1,6, 
Hugo Magalhães2,3, Wolfram Höps7, Jesus Emiliano Sotelo-Fonseca8,9, Tomas Fitzgerald10, 
Walter Santana-Garcia10, Ricardo Moreira-Pinhal11,12, Sarah Hunt10, Francy J. Pérez-Llanos13,14, 
Tassilo Erik Wollenweber13, Sugirthan Sivalingam15, Dagmar Wieczorek15, Mario Cáceres11,12,16, 
Christian Gilissen7, Ewan Birney10, Zhihao Ding17, Jan Nygaard Jensen17, Nikhil Podduturi17, 
Jan Stutzki18, Bernardo Rodriguez-Martin4,8,9 ✉, Tobias Rausch4 ✉, Tobias Marschall2,3 ✉ & 
Jan O. Korbel4,10 ✉

Genomic structural variants (SVs) contribute substantially to genetic diversity  
and human diseases1–4, yet remain under-characterized in population-scale  
cohorts5. Here we conducted long-read sequencing6 in 1,019 humans to construct  
an intermediate-coverage resource covering 26 populations from the 1000 Genomes 
Project. Integrating linear and graph genome-based analyses, we uncover over 100,000 
sequence-resolved biallelic SVs and we genotype 300,000 multiallelic variable number 
of tandem repeats7, advancing SV characterization over short-read-based population-
scale surveys3,4. We characterize deletions, duplications, insertions and inversions in 
distinct populations. Long interspersed nuclear element-1 (L1) and SINE-VNTR-Alu (SVA) 
retrotransposition activities mediate the transduction8,9 of unique sequence stretches 
in 5′ or 3′, depending on source mobile element class and locus. SV breakpoint analyses 
point to a spectrum of homology-mediated processes contributing to SV formation 
and recurrent deletion events. Our open-access resource underscores the value of 
long-read sequencing in advancing SV characterization and enables guiding variant 
prioritization in patient genomes.

SVs make up most polymorphic base pairs in the genome4, and are 
causally implicated in numerous common and rare diseases1,2. A sub-
set of SVs exhibit strong population stratification10,11. Recently, the 
Human Pangenome Reference Consortium (HPRC) released a draft 
pangenome from 44 diploid long-read sequencing (LRS) assemblies 
generated from multiple genomic platforms, and demonstrated 
how this graph-based reference enhances SV discovery12. Although 
LRS is increasingly used in disease research and diagnostics13–16, 
population-scale datasets with comprehensive global representa-
tion remain limited5. Addressing this gap would be critical to facili-
tate widespread community access to rare and ancestry-specific 
genetic variation, especially for variants such as insertions, which 
are typically underrepresented in short-read sequencing datasets17. 
These data are expected to be instrumental to facilitate human diver-
sity and disease research, including variant prioritization in genomic  
medicine.

Here we applied Oxford Nanopore Technologies (ONT) LRS to ana-
lyse SVs from the 1000 Genomes Project (1kGP) sample collection18, 
which allows open and unrestricted public data access, data sharing 
and reuse. To allow inclusion of a wide diversity of haplotypes, we per-
formed ONT-based genomic sequencing of over a thousand human 
samples to intermediate coverage. To benefit from recent advances 
in interpreting genetic variation in a pangenome12, we established 
methods that leverage linear and graph-based pangenomic refer-
ences for LRS-based SV discovery, and engineered a computational 
framework using graph augmentation for SV genotyping. Our result-
ing pangenomic dataset constitutes a comprehensive collection of 
DNA sequence-resolved SV alleles, encompassing a variant frequency 
spectrum from common to rare across 26 diverse human popula-
tions. This resource provides a global reference of genetic variation 
using LRS technology—facilitating studies of SV biology and human 
disease, and yielding insight into allelic architecture, mechanistic 
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origin, mutational recurrence and population distribution of SV  
classes.

LRS and graph-based SV discovery
We selected samples from the 1kGP collection, subjecting size-selected 
more than or equal to 25-kilobase pair (kb) DNA fragments to LRS 
(Supplementary Fig. 1 and Supplementary Table 1). After quality fil-
tering (Methods), our study cohort comprises 1,019 genomes (Fig. 1a), 
sequenced to a median coverage of 16.9× with a median N50 read length 
of 20.3 kb (Fig. 1b and Supplementary Fig. 2). These samples are from 
26 self-reported population groups and span five continental areas, 
including 189 from European (EUR) donors, 192 from East Asia (EAS), 
199 from South Asia (SAS), 275 from Africa (AFR) and 164 from the 
Americas (AMR).

To allow for graph-aware SV discovery and genotyping in these data, 
we devised the SV analysis by graph augmentation (SAGA) framework 
(Fig. 1c). Outlined below, SAGA integrates read mapping to both linear 
and graph references, followed by graph-aware SV discovery and geno-
typing at population scale.

Long-read alignment
In the initial step of SAGA, we performed read alignment against both 
linear (GRCh38, and the Telomere-to-Telomere (T2T) reference, denoted 
CHM13) and graph (the minigraph HPRC reference graph, denoted 
HPRC_mg) genomic references (Methods). Comparative analyses of the 
alignments show that HPRC_mg and CHM13 outperform GRCh38 (with 
average mapping identities increased by more than 0.5%), whereas the 
size distribution of alignment gaps indicates that HPRC_mg comprises 
a more comprehensive collection of mobile element insertions (MEIs) 
and deletions (Supplementary Fig. 3). Using CHM13, we find that on 

average 93.6% of the genome exhibits a coverage of 5× or more per sam-
ple (Supplementary Fig. 4). Furthermore, using WhatsHap (Methods) 
we haplotype-phased single nucleotide polymorphisms (SNPs) using 
our ONT dataset, and find that these show excellent concordance with 
phased SNPs from a short-read-based 1kGP study3, as evidenced by 
median switch error rates of only 0.69% in children from the six parent– 
offspring trios included in our dataset, and 1.32% for unrelated (and 
parental) samples (Supplementary Fig. 5 and Supplementary Note 1).

SV discovery
To allow for comprehensive SV discovery, we used LRS-based SV call-
ers tailored to linear reference genomes. We used Sniffles and DELLY 
(Methods), applying both to GRCh38 and CHM13. Callset integration 
across both linear references yielded an average number of 15,301 and 
21,529 SVs per sample for Sniffles and DELLY, respectively.

To complement these classical SV discovery methods, we addition-
ally harnessed the graph-aware SVarp algorithm (Methods), which 
allows SV discovery in haplotype contexts represented in HPRC_mg 
yet absent from a linear reference. SVarp searches for SV patterns from 
graph-aligned reads, and then performs local long-read assembly to 
reconstruct ‘SV sequence contigs’ (svtigs). To maximize the accuracy of 
svtig assembly, we applied SVarp to a subset of our sample set (n = 967 
genomes) previously sequenced at high coverage with short reads3. 
This allowed efficient haplotype assignment (‘haplo-tagging’) of 69.9% 
of the ONT reads using phased SNPs. Using this haplo-tagged read 
information, SVarp constructed on average 1,145 svtigs per genome not 
previously contained in the HPRC_mg graph (Supplementary Fig. 6).

Graph augmentation
To enable non-redundant SV callset integration across all SV callers, 
we augmented the HPRC_mg graph by incorporating further bubbles12 
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used in the 1kGP phase III18 and are resolved in Supplementary Table 2. b, ONT 
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representing new SV allelic sequences. To achieve this, SAGA encom-
passes a pseudo-haplotype construction and a graph augmentation step 
(Fig. 1c). Pseudo-haplotype construction produces chromosome-wide, 
haplotype-like sequences that incorporate the discovered SV alleles in 
a non-overlapping manner (Methods). Graph augmentation then uses 
the minigraph tool (Methods) to integrate these pseudo-haplotypes 
into the graph. Our study augments the HPRC_mg graph (originally rep-
resenting 44 samples) with SVs from all 967 LRS samples considered for 
comprehensive SV discovery. This process yields ‘HPRC_mg_44+966’, a 
pangenome representing SVs from 1,010 individuals (considering one 
sample in our resource (HG01258) is part of the HPRC_mg graph already; 
Extended Data Fig. 1 and Supplementary Fig. 7). HPRC_mg_44+966 
comprises 220,168 bubbles altogether, compared with 102,371 bubbles 
present in HPRC_mg (Supplementary Figs. 8 and 9).

Of the 117,797 new bubbles represented in HPRC_mg_44+966, 105,744 
(90%) are at least 1 kb away from the nearest bubble in the original 
HPRC_mg graph. These are presumed to reflect SVs not previously 
represented in HPRC_mg (Supplementary Fig. 10). To evaluate the 
quality of HPRC_mg_44+966, we mapped ONT reads from the HG00513 
sample onto this graph. We observe improved alignment metrics, with 
a gain of 33,208 aligned reads and a further 152.5 megabases (Mb) of 
aligned bases compared with alignment onto HPRC_mg (Supplemen-
tary Table 3), suggesting the augmented graph provides enhanced SV 
analysis capabilities.

SV genotyping and phasing
Unified SV genotypes are a prerequisite for relevant downstream 
analyses with population-scale variant datasets, including population 
genetic and disease studies. As the final step of SAGA, we therefore use 
Giggles, a genotyping tool that harnesses graph-aligned long reads 
for SV genotyping (Methods). We genotyped the set of 967 samples 
of HPRC_mg_44+966 with available LRS data, yielding genotypes for 
167,291 primary SV sites.

Consistent haplotype phasing elevates the value of SV resources, 
facilitating allele-specific analyses and investigation of haplotype 
structures. We used a recently generated CHM13 haplotype reference 
panel19 constructed from short-read SNP calls to carry out statistical SV 
phasing using SHAPEIT5 (Methods). We find that 164,571 (98.4%) of the 
genotyped SV sites are successfully phased. These comprise our final 
SAGA-based SV callset, and include 65,075 deletions, 74,125 insertions 
and 25,371 ‘putatively complex’ sites, for which both the reference 
and alternative allele are larger than 1 base pair (bp) (Supplementary 
Note 2). On the basis of analysing the respective graph bubble struc-
tures (Methods), 107,005 SVs in the phased SV callset are classified as 
biallelic, and the remaining (n = 57,566) multiallelic.

Resource quality assessment
Comparison of this SV callset with SVs discovered from multi-platform 
genome assemblies recently constructed by the Human Genome Struc-
tural Variation Consortium (HGSVC)20 suggests a genome-wide false 
discovery rate (FDR) of 15.55% for deletions and 15.89% for insertions. 
The FDR varies by SV size: SVs ≥ 250 bp show considerably lower FDR 
(deletions: 6.91%, insertions: 8.12%) than SVs < 250 bp (deletions: 19.14%, 
insertions: 19.57%; Extended Data Fig. 2 and Supplementary Figs. 11 
and 12). The smallest SVs largely comprise tandem repeat variation, 
whose divergent representation between graph- and assembly-based 
callsets can complicate both SV discovery and comparative analysis21. 
MEIs—an SV class exhibiting well-defined allele architectures—exhibit 
a particularly low FDR (0.85–6.75%; Supplementary Fig. 13), whereas 
mobile element deletions show 1.94% FDR (Supplementary Note 3). 
Comparison with multi-platform assemblies20 also yielded autosomal 
sensitivity estimates, which vary by SV class, allele frequency and size 
(Extended Data Fig. 2 and Supplementary Figs. 14 and 15). Sensitiv-
ity is particularly high for MEIs (ranging from 84.3% to 90.6%). The 
genome-wide true positive rate is 64.36% for deletions and 67.33% 

for insertions after genotyping (Extended Data Fig. 2 and Methods). 
Reflecting our intermediate-coverage study design, more common 
SVs exhibit an improved true positive rate over rarer SVs, with 79.59% 
for deletions and 83.24% for insertions seen for minor allele frequency 
(MAF) ≥ 0.1.

We additionally examined the primary SV genotypes. SV allele fre-
quencies after phasing are in excellent agreement with the primary SV 
genotypes (Supplementary Figs. 16 and 17). We used data from the six 
parent–offspring trios to identify ‘Mendelian inconsistencies’, which 
could derive from de novo SV formation events or genotyping errors. 
The average rate of such inconsistencies for biallelic SVs is 3.87% for 
deletions, 4.44% for insertions and 4.10% for putatively complex sites, 
implying high genotype accuracy (Supplementary Tables 4–12). For 
multiallelic sites the average Mendelian inconsistency is 15.1%, reflect-
ing previously reported challenges in genotyping such variant sites4,18. 
Our estimates align with strong performance against Hardy–Weinberg 
equilibrium checks (Extended Data Fig. 3 and Supplementary Figs. 18 
and 19) and genotypes are largely robust to coverage and read length 
variations (Supplementary Note 4). Moreover, our SV sites intersect 
69.5% of insertions and 64.9% of deletions called from short-read 
sequencing in the same samples3 (Supplementary Fig. 20). At these 
intersecting sites, the genotype concordance is 98.7% for deletions 
(non-reference genotype concordance: 77.6%) and 96.8% for insertions 
(non-reference concordance: 79.0%) compared with Illumina-based 
genotypes3, in support of high genotype accuracy.

The SV landscape across 26 ancestries
We analysed the degree to which this SV dataset grows cumulatively 
after each new genome is added (Fig. 2a and Supplementary Fig. 9). We 
observe pronounced saturation effects22 for common SVs when adding 
new samples to the pangenome graph, with AFR samples dispropor-
tionally increasing SV yield consistent with higher levels of genetic 
variation in these populations18,22.

When compared with previous population-scale genome sequencing 
studies in 1kGP samples3,4, our resource captures more variants across 
the SV size spectrum, with SVs ranging from 50 to several hundred base 
pairs poorly captured using short reads17. The median SV count per 
sample is 23,969 for AFR samples (19,297 for other ancestries, non-AFR; 
Supplementary Note 4), compared with 9,963 and 8,540 for AFR and 
non-AFR, respectively, detected through short reads when subsetting 
to the same samples3. The proportionally largest gain is seen for inser-
tions, which our resource captures with increased sensitivity across 
insertion sizes (Fig. 2b and Supplementary Fig. 21). By comparison, 
large deletions are detected with increased abundance using short 
reads17 (Fig. 2b). Furthermore, facilitated by the read length in our 
resource, we observe a more than tenfold increase in insertion sites 
with sequenced-resolved SV alleles (Fig. 2b). For deletions, a consider-
able fraction of which can be resolved through split-read analysis using 
short reads3,4,23, our resource increases the nucleotide-resolved SV 
count by 40% (from 46,895 to 65,812). These analysis results are con-
sistent with the improved characteristics of LRS in resolving SVs17,22,24.

Rare SVs from diverse ancestries
Analysing the allele frequency spectrum from our augmented 
pangenome shows a broad spectrum of SV alleles, from common to 
rare (Fig. 2c, Extended Data Fig. 3 and Supplementary Fig. 22). We 
observe a considerable enhancement in capturing SVs with an allele 
frequency ≤ 2% over HPRC_mg, with the vast majority of rare SVs stem-
ming from samples newly incorporated into HPRC_mg_44+966 (Sup-
plementary Fig. 23). Across our resource, most SVs are rare (59.3% have 
an MAF < 1%), and, with the current sample size, are typically detected 
in a single continental cohort (AFR, AMR, EAS, EUR or SAS). By com-
parison, at an allele frequency ≥ 2.5%, most SVs are seen in at least two 
continental groups (Extended Data Fig. 3). Multiallelic SV loci generally 
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have a higher propensity to be shared across continents than biallelic 
SVs, with most multiallelic SVs with allele frequency ≥ 1.5% being shared 
(Supplementary Fig. 24), which is potentially explained by recurrent 
rearrangements at these loci. Furthermore, the relative increase in 
SVs in AFR samples is more pronounced for heterozygous than for 
homozygous SVs, reflecting the greater genetic diversity in AFR sam-
ples22 (Fig. 2a,d,e and Supplementary Fig. 25).

Population characteristics by SV class
Unlike previous 1kGP studies that have placed a focus on character-
izing sequence-resolved deletions3,4, we find comparable population 

characteristics between SVs primarily identified as deletions and inser-
tions (Supplementary Fig. 19). Measuring the degree to which SVs are in 
linkage disequilibrium with nearby SNPs, we find that 62.6% of deletions 
and 62.9% of insertions with at least 1% MAF are in linkage disequilibrium 
with nearby SNPs (r2 ≥ 0.5) (Extended Data Fig. 3 and Supplementary 
Fig. 26). These metrics increase to 89.8% (deletions) and 91.7% (inser-
tions), respectively, in Genome-in-a-Bottle (GiaB) ‘high-confidence 
regions’ (Methods), which are more depleted of repeats and thus less 
likely subject to recurrent SV or gene conversion events25. Both larger 
insertions and deletions are rarer in the population than smaller SVs 
(Supplementary Fig. 27), possibly explained by stronger negative 
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selection against variants affecting functional sequence. Consistent 
with this notion, SVs affecting functional elements show significantly 
reduced MAF (P < 7.4 × 10−235; Kolmogorov–Smirnov test; Fig. 2f).

Geographical stratification of SVs
A principal component analysis of SV calls, as well as an SV-based admix-
ture analysis, show groupings of samples corresponding well with donor 
ancestry4 (Extended Data Fig. 3). Using fixation indices (Fst) to quantify 
SV differentiation by continent, the allelic diversity of AFR (followed by 
EAS) is clearly observable (Fig. 2g and Supplementary Fig. 28). We find 
evidence for differentiation (Fst > 0.2) for 8,597 SVs (Supplementary 
Table 13), of which 105 encompass a GiaB-classified medically relevant 
gene26, and thus are of potential interest for disease studies (Supple-
mentary Table 14). Examples are a deletion and duplication affecting the 
intragenic regions of A4GALT (MAF 14%) and SNTG2 (MAF 18%), enriched 
in AFR and EAS, respectively (Fig. 2h). We further note a complex SV near 
LAMB1 exhibiting enrichment in AMR, and particularly among samples 
with self-identified ancestry of Peruvians in Lima (PEL) (Supplemen-
tary Fig. 29). Additionally, we observe a strong correlation between 
1-Mb-window averaged SV-based and SNP-based Fst values (Pearsonʼs 
P < 4.0 × 10−16), deviations of which potentially serve as indicators for 
genomic areas with SV-driven differentiation. Requiring a confidence 
level of more than 5 s.d. (P < 0.6 × 10−6), we find 11 regions in which the 
differentiation is likely to be SV-driven (Supplementary Table 15), includ-
ing a deleted region near gene ARHGAP24 with the highest MAF of 27.3% 
(Fst = 0.31) seen in the Mende in Sierra Leone (MSL).

Resolved spectrum of SV classes
We devised the SV annotator (SVAN), an algorithm that leverages allelic 
representations and genomic annotations to classify SVs into distinct 
classes (Methods). SVAN classifies 72,346 insertions (96.0%) of our 
pangenomic resource (Fig. 3a and Extended Data Fig. 3), offering a 
detailed perspective of this variant class. SVAN additionally classifies 
21,301 (32.2%) deletions, and 14,681 (57.1%) of all putatively complex 
sites (Fig. 3a), the latter of which resolve into 11,030 further insertions 
and 3,651 further deletions.

Duplications and variable number tandem repeats
In total, 17,029 (19.5%) of the insertions in our pangenomic resource 
are duplications, of which most (15,295, 89.8%) represent tandem 
duplications (Fig. 3). Additionally, 34,006 (39.0%) insertions and 
19,418 (26.2%) deletions are classified as variable number tandem 
repeats (VNTRs), an SV class relevant to human diversity and dis-
ease27 (Fig. 3a). Unlike for other SV classes, most VNTRs (50.4%) in our 
SAGA-based SV callset represent multiallelic SV sites, which poses a 
challenge to graph construction tools, as finding the correct align-
ment can be difficult if several SV alleles at the same locus differ in 
their representation by only a few base pairs21. Therefore, to allow us 
to systematically capture VNTR complexity, we additionally geno-
typed VNTR sites across our resource using the vamos tool (Methods).  
A detailed analysis of these genotypes shows 739 biallelic and 369,685 
multiallelic VNTRs, considerably surpassing estimates derived from 
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graph-based analysis, and thus providing a refined estimate of 
allelic VNTR diversity. In-depth comparison against multi-platform 
whole-genome assemblies20 shows a strong concordance in polymor-
phic repeat unit counts, supporting the robustness of the vamos-based 
VNTR genotypes (Supplementary Fig. 30). Unlike genome assem-
blies at present limited to small sample sizes, our resource enables 
population-scale analysis of extreme repeat unit counts, illustrated by 
the 1% and 99% percentiles of the repeat unit distribution (Extended 
Data Fig. 4). The utility of these genotypes is exemplified by our analy-
sis of repeat unit variation at the PLIN4 and ABCA7 loci implicated in 
late-onset diseases (Extended Data Fig. 4, Supplementary Table 16 and  
Supplementary Note 5).

Mobile elements and nuclear mitochondrial DNA segments
We next focused on the distinct classes of insertions classified by 
SVAN, most of which are the product of the activity of mobile ele-
ments (Fig. 3a). These include 31,302 non-reference MEIs, including 
23,212 Alu, 4,851 L1 and 3,239 SVA insertions (Extended Data Fig. 5 and  
Supplementary Table 18), which reflects an increase of 20% (for Alu), 
166% (L1) and 179% (SVA), respectively, over short-read-based analysis 
in the same samples3. We further identify 3,813 reference MEIs primarily 
called as deletions (classified into 3,122 Alu, 460 L1 and 231 SVA events, 
respectively). Using SVAN, we classify MEIs as canonical (84.3%; 29,592) 
and non-canonical (15.73%; 5,523). Thereby, canonical MEIs show a 
conformation consistent with target-primed reverse transcription28 
or twin priming29, whereas non-canonical ones are 3′ truncated (34.4%; 
1,901), lack poly(A) tails (66.4%; 3,665) or have internal rearrangements 
(52.8%; 2,916). Non-canonical MEIs may have arisen through alterna-
tive integration mechanisms30–32, or be the product of SVs occurring 
after the integration event. Canonical MEIs typically show distinctive 
hallmarks of retrotransposition33, including target site duplications 
(TSDs, median: 21 bp) and poly(A) tracts (median: 30 bp) seen for 98.7% 
and 100% of the events (Extended Data Fig. 5), respectively. Consistent 
with previous studies22,34–36, most (72.5%; 3,288) of the canonical L1 
insertions represent ‘dead-on-arrival’ copies owing to either trunca-
tion or inversion at their 5′ ends (Extended Data Fig. 5). This contrasts 
with canonical Alu and SVA for which 74.4% and 72.9% of the inser-
tions, respectively, are full-length. We find that full-length SVAs show 
a broad size distribution, ranging from 1 to 6 kb, largely owing to the 
extensive variability observed in their hexameric repeat and VNTR 
regions (Extended Data Fig. 5).

We also identify 203 non-reference processed pseudogenes, as well as 
89 reference polymorphic processed pseudogenes37,38 (Extended Data 
Fig. 5). Most of these (73.9%; 216) are monoexonic, with the remaining 
pseudogenes comprising between 2 and 21 exons. We further identify 
evidence for human endogenous retrovirus (HERV) activity, with 10 
insertions classified as HERVK and 28 solo-long terminal repeats (LTRs) 
(Extended Data Fig. 6). Manual inspection of these events shows that 
82% (23 of 28) of solo-LTRs correspond to complete LTR5_Hs events. 
With respect to HERVK, five of the insertions encompass the pro-
viral sequence flanked by two LTRs, four have a single LTR with the 
second residing on the human reference (CHM13) and one is heav-
ily 5′-truncated. Comparisons with previous reports35,39 show that 
although only around 22% (5 of 23) of the solo-LTRs in our study were 
not previously reported, most (70%; 7 of 10) of the HERVK insertions 
were not described previously.

Finally, SVAN classifies 180 insertions as nuclear mitochondrial 
DNA segments (NUMTs)40. The median length of these insertions is 
126 bp, with 15 NUMTs larger than 1 kb, including a 14.8-kb insertion 
comprising 90% of the mitochondrial length identified in one carrier 
(Supplementary Fig. 31d).

Inversions
Inversions pose considerable challenges for detection by sequenc-
ing owing to their balanced copy-number state, which limits their 

indirect identification through coverage depth analysis. Additionally, 
difficulties in sequence alignment, particularly arising from repetitive 
sequences flanking inversion breakpoints, further complicate their 
accurate ascertainment36. The notable N50 read length of this ONT 
dataset led us to explore its potential for inversion discovery, for which 
we noted that performing read re-alignment at regions exhibiting clus-
tered mismatches enhances inversion detection accuracy (Supplemen-
tary Note 6 and Supplementary Figs. 32 and 33). We devised an inversion 
discovery workflow leveraging these insights (Methods), identifying 
491 inversions which were confirmed by semi-manual (dotplot-based) 
analysis (Supplementary Fig. 34). We added to these inversions further 
SVs that were primarily defined as insertions, yet reclassified by SVAN—
including 311 inverted duplications and 1,047 inversions at the 5′-ends 
of L1 insertions probably resulting from twin priming29 (Extended Data 
Fig. 5)—yielding 1,849 inversion calls overall (Fig. 3b). After omitting SVs 
previously genotyped with Giggles as well as SVs annotated as inverted 
duplications, the GeONTIpe tool (Methods) successfully determined 
genotypes for 78% of the inversions.

We next conducted detailed analyses of the set of 733 inversions 
outside MEI events, focusing on their size distribution, allelic structure 
and complexity (Methods). Inverted duplications represent the most 
common class, with 277 events detected showing a median length 
of 284 bp (Fig. 3b and Supplementary Fig. 35). Additionally, we find 
257 balanced (or ‘simple’) inversions with a median length of 1,565 bp, 
which are further broken down into 45 inversions bordered by various 
repeat classes in inverted orientation, implying formation through 
homology-directed repair (HDR) processes or non-allelic homologous 
recombination (NAHR)41.

We further find an abundance of complex inversions with multiple 
breakpoints4,36 (Fig. 3b). These include 159 inversions with an adjacent 
deletion, and 40 more complex structures, comprising five SVs char-
acterized by two serial inversions; two instances of ‘cut-and-paste’ 
inversions with the locus structure characterized by an excised, 
inverted and inserted segment into a nearby location; 12 inversion 
sites exhibiting two flanking deletions; and 21 particularly complex 
inversions with a large number of breakpoints and in part incompletely 
resolved allelic structure. These events are likely to originate from a 
DNA replication-associated process, such as microhomology-mediated 
break-induced replication42.

Polymorphic L1 and SVA transductions
MEI transductions represent an SV generation process in which a 
full-length mobile element, denoted as source or progenitor locus, 
mobilizes flanking DNA sequences during retrotransposition43. This 
process can result in the integration of a mobile element and a com-
panion non-repetitive sequence situated in 5′ or 3′ relative to the pro-
genitor copy8,9. Harnessing our pangenomic resource, we analysed 
polymorphic transduction events among all sequence-resolved MEI 
sequences. We annotate 878 transductions, with 466 (8.8%) of the 5,311 
L1 insertions and 412 (11.9%) of the 3,470 SVA insertions exhibiting a 
transduction (Supplementary Tables 19 and 20). In addition to these 
transduction events containing a companion mobile element segment 
(denoted ‘partnered transductions’), a further set of 48 transductions 
are truncated resulting in the integration of the transduced sequence 
alone (‘orphan transductions’).

Consistent with previous studies8,9,22, we find that the relative pro-
portion of 5′ or 3′ partnered transductions differs between MEI fami-
lies. Most (82.2%; 350) L1-mediated transductions are in 3′, whereas 
SVAs generate 5′ and 3′ transductions at similar ratios, with 218 (53.7%) 
detected in 5′ and 188 (46.3%) in 3′ (Supplementary Table 20). Although 
SVA-mediated 3′ transductions are significantly longer in size than 
5′ transductions (P = 7.2 × 10−6; two-tailed Mann–Whitney U test), we 
observe no significant length difference for L1s (Extended Data Fig. 5). 
Furthermore, SVA-mediated 3′ transductions are significantly longer 
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compared with L1 (P = 0.005; Extended Data Fig. 5). This suggests the 
existence of family-specific determinants for 5′ and 3′ transductions.

We leveraged the transduced sequences as barcodes to identify their 
progenitor loci, showing that L1 transductions originate from a limited 
set of 208 L1 source elements. Among these, 20 highly active source 
L1s are responsible for 43.9% (205) of all L1 transductions identified 
(Fig. 4a), with most (14 of 20) of them belonging to the youngest Ta-1 
subfamily. By comparison, we detect 176 source SVA elements, with 
20 loci alone mediating 36.9% (152) of all SVA transductions (Fig. 4b). 
All these highly active SVAs belong to the recent human-specific SVA-E 
and SVA-F subfamilies, with the exception of the source element at 
20q11.23-1, which contains an exonic sequence from the MAST2 gene—a 
signature of the SVA-F1 subfamily44. Only a small subset—24% and 17% of 

the source L1s and SVAs, respectively—were previously reported to be 
active on the basis of genomic or in vitro studies (Fig. 4ab and Methods).

Of the 208 L1 progenitors, 156 exhibit only 3′ transductions. This 
includes the most active source L1 locus, a Ta-1 element residing at 
Xp22.2 on the reference that mediates 38 transductions, all in 3′ (Sup-
plementary Tables 19 and 20). By comparison, the third most active L1 
element at 8q21.11 exhibits 22 transductions, with all of them in its 5′ 
resulting in a 5′ transduction bias (adjusted P value (Padj) = 3.9 × 10−15, 
FDR-adjusted two-tailed binomial test; Fig. 4a,c). A previous report 
indicates the presence of a strong promoter located upstream of this 
source L1 (ref. 45), which has been associated with aberrant splicing 
leading to a somatic 5′ transduction in the embryonic brain46. Our analy-
ses of 22 independent germline 5′ transduction events arising from this 
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novelty, hot activity status and previously reported activity estimates are based 
on in vitro assays and transduction tracing (Methods) and are shown as heat 
maps. Transduction 5′ and 3′ bias was assessed using a two-sided exact binomial 
test followed by multiple testing correction with Benjamini–Hochberg. Xp22.2 
(Padj = 0.04) and 8q21.11 (Padj = 3.9 × 10−15) source L1s exhibit a significant 3′  
and 5′ bias, respectively. All significant SVAs are 3′ biased, namely 12q24.23 
(Padj = 0.01), 6p12.1 (Padj = 0.02), 2q33.1-3 (Padj = 0.02) and 14q11.2-2 (Padj = 0.04). 
Adjusted P values for significantly biased loci are represented adjacent to each 

bar as follows: *Padj < 0.05; **Padj < 0.005. c, Circos plot showing the integration 
positions for the 22 instances of 5′ transductions mediated by the 8q21.11 
element. d, Alignment of inserts containing 5′ transductions at the source L1 
region, including a single somatic transduction event reported in ref. 46 in the 
brain. Inserts are coloured according to whether they align in forward (black) 
or reverse (blue). Splicing between the full-length L1 and an upstream exon 
leading to 5′ transductions, highlighted in yellow. e, Magnification showing 
that the 5′ transductions initiate at a strong promoter located upstream, followed 
by canonical splicing between the first and second exon of ENSG00000253784, 
in addition to a second acceptor splice site within the L1 body. Transcription 
initiation is supported by an annotated transcription start site (hg_93584.1) 
and CAGE read counts60.
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source locus suggest that all probably originate from the same mecha-
nism, involving splicing of the first exon of the ENSG00000253784 
long non-coding RNA gene with two alternative acceptor splice sites 
located within the source L1 (Fig. 4d,e). This provides a mechanistic 
explanation for the 5′ transduction bias seen for this source element, 
and indicates that L1 progenitors can hijack flanking regulatory ele-
ments leading to transduction bias in the germline.

By contrast, SVA progenitors show a pronounced locus-specific 
pattern of transduction activity, with 14 among the 20 most active 
source SVAs showing solely 5′ or 3′ transductions (Fig. 4b), respectively. 
Of these, four SVA source elements exhibit significant bias towards  
3′ transductions (5% FDR; Methods)—including progenitors at 12q24.23,  
2q33.1-3, 6p12.1 and 14q11.2-2. In summary, detailed analyses of 
our resource show family- and locus-specific patterns for L1- and 
SVA-mediated transductions in the germline.

Genomic breakpoint homology landscape
Prompted by the comprehensive set of nucleotide-resolved SVs, we 
comprehensively investigated SV breakpoint junctions, examining 
66,198 deletions and 75,238 insertions from our SAGA resource (Fig. 5a 
and Methods). In examining insertions by class, we find that VNTRs and 
tandem duplications present extensive breakpoint homology (49.7% 
and 89.8%, respectively), with the homologous sequences flanking 
the SV frequently mirroring the inserted element in length (Extended 
Data Fig. 7 and Supplementary Fig. 36). VNTRs typically form by pro-
cesses such as replication slippage, HDR and NAHR, which involve 
DNA sequence homology47. But similar to simple tandem duplications, 
the allelic structure of VNTRs generates homologies at the SV flanks 
independently of the mechanism of formation, thus necessitating 
separate consideration of these two SV classes when analysing break-
point junctions

Leveraging the annotations provided by SVAN, our analysis of break-
point junctions verifies that most MEIs exhibit TSDs of 10–20 bp at the 
respective insertion site (Fig. 5b,c). When analysing SVs not annotated 
as VNTR, tandem duplication or MEI, 35.0% of deletions and 28.7% 
of insertions exhibit homologous flanks exceeding 50 bp, indica-
tive of SV formation through HDR processes. A considerable subset 
thereof—10.8% of the deletions and 6.7% of the insertions—are flanked 
by more than or equal to 200 bp of homology, and are probably medi-
ated by NAHR48.

We further identify several clusters of SVs flanked by Alu, L1 and LTR 
elements annotated in the reference genome (Fig. 5b,c,e), the formation 
of which is likely to be mediated by HDR- and NAHR-driven transpos-
able element-mediated rearrangement (TEMR)49. Among these, we find 
Alu-flanked SVs to be much more common in deletions (n = 3,260) than 
in insertions (n = 80). This group of SVs predominantly harbours pairs 
of full-length Alu elements at their flanks (89.3%), visible as a breakpoint 
homology length peak of 295 bp (Fig. 5b). Notably, these presumably 
Alu element-mediated SVs show a wide distribution of SV lengths, rang-
ing from about 300 bp up to 20.4 kb for deletions and 9.5 kb for inser-
tions. AluY and AluSx elements in all combinations constitute 23.5% 
of all SV-flanking Alu pairs. The use of the different Alu subfamilies at 
breakpoint junctions highly correlates with their counts in the reference 
genome (Supplementary Fig. 37)—with the exception of the AluJ family, 
one of the oldest Alu families, whose members appear several times 
less frequently at the flanks of SVs than expected by their reference 
genome count (for example, with a 24-fold reduction seen for AluJb).

We also find some L1-flanked SVs, which similar to Alu-flanked SVs 
are much more common in deletions (n = 219) than in insertions (n = 1). 
These L1–L1 pairs mediate relatively large SVs up to 62.9 kb in size 
(Fig. 5c). Pairs of L1PA family members are most often represented, 
partaking in 76.4% of L1–L1-mediated SVs. L1 elements at deletion 
flanks are typically truncated (median length: 1.7 kb), with only 5.0% 
of L1 sequence homology-mediated deletions flanked by full-length L1 

elements. We additionally observe three distinct clusters correspond-
ing to LTR-flanked deletions and insertions, reflecting SVs involving 
members of the HERVK (deletion: 39, insertion: 3), HERVH (deletion: 111, 
insertion: 9) and mammalian apparent LTR retrotransposon (deletion: 
46, insertion: 4) families. Apart from 30 events subjected to truncation, 
the homology lengths correspond to the length of the LTRs flanking the 
respective integration site, with the SV length corresponding to the size 
of the viral integration plus one LTR, indicating LTR recombination50. 
Determination of the ancestral state of SV alleles through sequence 
alignment to the chimpanzee genome confirms that the vast majority 
of TEMRs indeed represent deletions (Supplementary Note 7).

Moreover, we find 59 segmental duplication (SD)-mediated dele-
tions (Fig. 5f), which are up to 31.8 kb in size and exhibit a homology 
length of up to 14.9 kb. We note that our approach is expected to exhibit 
decreased sensitivity in identifying SVs flanked by SDs of a similar length 
or larger than the N50 read length, suggesting that larger SD-mediated 
SVs are underrepresented.

We next analysed 30,449 deletions not categorized into a particular 
subclass by SVAN and lacking homology of at least 50 bp at their break-
points. Of these, 2,812 (9.2%) exhibit blunt-ended breakpoint junc-
tions whereas 25,311 (83.1%) exhibit microhomology of 1–15 bp in size, 
indicative of SV formation by non-homologous end-joining, alternative 
end-joining or microhomology-mediated break-induced replication51. 
The remaining 2,326 (7.6%) events show microhomology of 16–49 bp 
in size, and are likely to have formed through homology-independent 
processes as well. We further find that inverted duplications rarely show 
homology at their breakpoints (8.8%), with most exhibiting microho-
mology of 1–15 bp at their respective breakpoint junction, suggesting 
a replicative formation origin51 of this SV class.

Last, we analysed the distribution of SV breakpoint homologies with 
increasing SV allelic length. Notably, this distribution lacks appreci-
able inflection points, notwithstanding peaks in homology length 
corresponding to the sizes of mobile elements at the deletion flanks 
(Fig. 5c,d). This implies that homology-mediated SV formation pro-
cesses use a wide variety of flanking repeat lengths, rather than reflect-
ing distinctive peaks as might be expected from a minimal processing 
length for homologous recombination52.

Recurrence of TEMR-mediated deletions
Given the abundance of mobile element sequences in the genome 
sharing sequence homology, we postulated that occasionally SVs may 
have formed recurrently in humans, facilitated by the same flanking 
element pair. Although precise mutation rate estimates will require 
larger cohorts sequenced by LRS, we systematically screened for short- 
to intermediate-length homology-mediated deletions, for which the 
flanking homology length (200–9,000 bp) would be compatible with 
flanking mobile elements (that is, TEMR) or small- to intermediate-sized 
SDs, shortlisting 42 potentially recurrent candidates (Methods). We 
searched for SNPs for which haplotypes with all four combinations of 
both SNP alleles with the deletion being absent/present are observed 
(termed recurrence-indicating SNPs). On the basis of the presence of 
such SNPs on both sides of the deletion for further quality control, 
we selected six sites with robust evidence for recurrence, all of which 
represent TEMRs. One of these involves L2/LINE sequences, whereas 
the remaining five involve paired Alu elements (Fig. 5g, Extended Data 
Fig. 8 and Supplementary Figs. 38–43).

We illustrate this phenomenon for an 806-bp deletion at 12p13.3 medi-
ated by an AluSx–AluY pair (Fig. 5g). After clustering haplotypes using 
SNPs in a 100-kb window centred around the deletion (Methods and 
Extended Data Fig. 8), the four major emerging groups recapitulate the 
geographical ancestries—with Group 1 mostly comprising EAS samples, 
Groups 2 and 4 mostly AFR samples and Group 3 mostly SAS samples. 
The SV allele is present in different haplotype backgrounds of Groups 2 
and 3, as well as in an outlier haplotype that clusters with Group 4 which 



450  |  Nature  |  Vol 644  |  14 August 2025

Article

is otherwise composed of haplotypes not carrying the deletion. We find 
nine recurrence-indicating SNPs (Fig. 5g, vertical red bars) characteristic 
of either recurrent deletions or extensive local recombination near the 
deletion. Given their proximity and association with specific haplotype 

groups, the most plausible explanation is locally recurrent TEMRs, with 
scenarios based on homologous recombination on either side of the 
event seeming less likely. These data imply a relevant contribution of 
TEMRs to recurrent SV formation in the human genome.
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Fig. 5 | Breakpoint homology landscape and deletion recurrence. a, Approach 
for SV breakpoint junction analysis, in the case of primary insertions (INS) 
achieved by implanting SV sequences into CHM13 (denoted REF). DEL, primary 
deletion. b, SV length versus homology length (DELs depicted with negative 
length; INS with positive length). Marginal plots show the size-binned fraction 
of SV classes perpendicular to both axes, depicting DEL and INS at the left and 
right, respectively. SVs flanked by repeats are shown in different shades of red 
(mobile element) and black (SD). SVs exhibiting less than or equal to 15 bp of 
microhomology or blunt-ended breakpoints are in dark grey. Further colouring 
denotes: duplications (shades of blue), mobile elements (shades of yellow) and 
VNTRs (cyan). SVs not classified are in light grey. For visualization purposes, 
scales of scatter plot axes in a and x axes in b are linear up to 50 bp (representing 
microhomology) and logarithmic afterwards (representing homology); this 

split is denoted by the dashed line. c, SV and homology length distribution  
for distinct SV classes. d, Homology length trend lines for INS and DEL classes 
combined. e,f, Schematic view showing two repeat-mediated DELs, an Alu-
mediated DEL (e) and an SD-mediated DEL (f). g, An 806-bp DEL at 12p13.3 
mediated by an AluSx–AluY pair with evidence for recurrence. For visualization 
purposes, a consensus haplotype in a 20-kb window centred around the DEL  
is represented for each cluster. Clusters 1–4 were obtained from SNP-based 
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grouping with cluster 4, is shown as an outlier. Red bars: SNPs indicating deletion 
recurrence. NHEJ, non-homologous end-joining.
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Discussion
We show that intermediate-coverage LRS enables the generation of 
comprehensive population-scale SV catalogues comprising common 
and rare alleles. We predict our resource to serve as benchmarking 
data for tool development, supporting the continued development of 
graph-based genetic variant characterization methods53–55.

Mobile elements are accountable for 1.32–3.14 Mb (median: 2.26 Mb) 
of the sequence variation detected per individual genome, with MEIs, 
TEMRs, transductions and processed pseudogenes contributing. 
This represents a considerable portion of the 4.78–9.88 Mb (median: 
7.35 Mb) of sequence variation per genome attributed to SVs on the 
basis of the SAGA framework (Supplementary Table 21 and Supplemen-
tary Figs. 44 and 45). We show a subset of these have arisen recurrently 
in humans, opening up possibilities to study linkage disequilibrium pat-
terns surrounding these events, and SV recurrence rates, in the future.

With respect to L1 and SVA transductions, whether the transduc-
tion occurs at the 5′ or 3′ end is influenced by mobile element class 
and locus. For instance, although L1s primarily mediate 3′ transduc-
tions9, the L1 progenitor at 8q21.11 exclusively produces 5′ transduc-
tions in our population-scale dataset and in the embryonic brain46—a 
phenomenon probably driven by promoter hijacking45. Similarly, the 
13q12.3 source L1, previously reported to mediate 3′ transductions in 
brain tissue45, shows consistent behaviour in germline genomes, which 
implies shared mechanisms across cell types. A recent report suggests 
that strong polyadenylation sites downstream to source L1 loci can 
mediate 3′ transduction in cancer56. Altogether, these observations 
support the notion that transduction is influenced by locus-specific 
sequence determinants, such as regulatory elements.

Looking forward, we anticipate that our resource will support 
research on the phenotypic implications of SVs. A comparison with the 
Genome Aggregation Database (gnomAD)57, a genetic variation reposi-
tory with population-level allele frequencies, shows that most (50.9%) 
of the insertions from our resource were not previously represented in 
gnomAD. These include 8,077 Alu (34.8%), 2,586 L1 (52.9%) and 1,269 
SVA element (47.1%) insertions. For deletions, 14.5% were not previously 
reported, reflecting the capabilities of short reads in deletion discov-
ery3,4,23 (Supplementary Note 3). To explore the potential utility of our 
resource for variant prioritization, we analysed deep PacBio HiFi LRS 
data generated from four patients with rare diseases (Supplementary 
Note 8). Initial filtering using multi-platform whole-genome assem-
blies20 left an average of 386 candidate SVs per patient. Incorporating 
our SAGA resource reduces these candidate SV lists by 54.7–56.4%, 
resulting in 159–187 candidate SVs remaining per patient (Extended 
Data Fig. 9 and Supplementary Figs. 46–48). We also evaluated the 
extent by which previously validated disease-causing SVs are filtered 
out through our resource, by analysing 31 published PacBio-sequenced 
rare disease genomes, comprising 35 validated causal SVs14. Of these 
validated causal SVs, only two were filtered out using our resource 
(Supplementary Note 9). These analyses show effective filtering of 
candidate SVs in patients, with causal SVs sensitively retained, using 
our LRS population-scale resource.

To further illustrate practical applications of our resource, we addi-
tionally explored the genotyping of medically relevant genes in com-
plex loci of the genome. This was facilitated by the use of Locityper, 
a tool designed to address the challenges of accurately genotyping 
regions difficult to ascertain. We analysed 270 genes thought to repre-
sent challenging loci yet crucial for understanding genetic underpin-
nings of disease (Methods and Supplementary Table 22). Leveraging 
our resource, we find a high level of genotyping accuracy in the 1,019 
samples of our study, particularly in regions fraught with structural 
complexity, considerably surpassing genotyping with short reads 
(Extended Data Fig. 10 and Supplementary Note 10).

The haplotype data derived from our ONT resource are also 
anticipated to facilitate long-read-based DNA methylation analyses 

(Supplementary Fig. 45 and Supplementary Note 11), as well as to 
enhance variant imputation efforts, including in genomic areas pre-
viously difficult to analyse. To explore the latter aspect, a companion 
paper to this study demonstrates the usage of our ONT data resource 
for imputation and genome-wide association studies58. In summary, 
these observations suggest broader value of our dataset for ascertain-
ing disease-relevant genetic variation.

Although the data and computational methods developed in our 
study mark a step forward in cost-effective population-scale SV char-
acterization, remaining challenges include increasing discovery power 
and sequence consensus quality for extremely rare SVs. Large inver-
sions, centromeric regions, high sequence identity SDs and multiallelic 
VNTRs represent a particular challenge to graph-based approaches21 
(Supplementary Fig. 12 and Supplementary Note 3). Resolving these 
complex regions comprehensively at population scale will necessitate 
expanding multi-platform assembly approaches20 to more samples. 
Future improvements in graph algorithms should address needs for 
scalable analyses while considering all polymorphisms, including 
SNPs, indels and short tandem repeats.

As SAGA facilitates the integration of intermediate-coverage 
sequence data, we foresee broader adoption of our approach in large 
cohorts, which could accelerate advancements in population and dis-
ease research. Thereby, a coupled approach enhancing sample size at 
intermediate coverage and increasing sequencing depth on sample 
subsets seems particularly promising. With this in mind, our group 
has coordinated sample set design, as well as our public data release, 
with efforts piloting genome sequence assembly in smaller 1kGP 
sample subsets12,22,59. This approach to open data sharing is guided by 
the principles of the 1kGP and is inspired by the potential to combine 
intermediate- and high-coverage techniques to advance the comple-
tion of the catalogue of human genomic variation encompassing the 
entire 1kGP cohort in the near future. Moving forward, it will be crucial 
to embed these findings into efforts aimed at understanding the genetic 
underpinnings of diseases, promoting equitable and global progress 
in precision medicine.
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Methods

Samples and DNA extraction
We initially selected 1,064 samples from the 1kGP collection, sourc-
ing genomic DNA from Coriell and discarding low-quality DNA. The 
study complied with all relevant regulations for work with human 
participants. DNA was extracted from lymphoblastoid cell lines and 
resuspended in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA).

Quality control before sequencing
DNA concentrations were determined with the Quant-iT dsDNA 
Broad-Range assay Kit (Q33130), using Varioskan LUX multimode 
microplate reader (VL0000D0). The purity evaluation of genomic 
DNA was performed on a DeNovix DS-11 Series Spectrophotometer. 
Optical density 260/280 and 260/230 ratio of 1.8 and 2 was maintained, 
respectively, for sequencing. Fragment length was measured on the 
Femto Pulse system (Agilent, M5330AA) using the Genomic DNA 165 kb 
Ladder Fast Separation assay with a separation time of 70 min (Agilent, 
FP-1002-0275).

Size selection
All DNA samples were size selected using the Circulomics Short Read 
Eliminator Kit (Circulomics, SS-100-101-01). According to supplier 
information, the kit uses size-selective precipitation to reduce the 
amount of DNA fragments below 25 kb in length. The kit was used 
according to the manufacturer’s recommendations (handbook v.2.0, 
07/2019). Briefly, 60 μl of Buffer SRE was added to the sample tube 
(60-μl volume), gently mixed and the tube centrifuged at 10,000g for 
30 min at room temperature. After supernatant removal, two washing 
steps were performed with 200 μl of 70% ethanol and a centrifugation 
at 10,000g for 2 min at room temperature. Finally, 50 μl Buffer EB was 
added and the tube was incubated at 50 °C for 30 min, followed by over-
night incubation at room temperature to ensure efficient DNA elution.

LRS
Sequencing library preparation was carried out following the general 
guidelines from ONT, with modifications proposed by New England 
Biolabs (NEB) to ensure high-yield data generation and long-fragment 
sequencing. For library preparation, the following reagents were used: 
Ligation Sequencing Kit (ONT, SQK-LSK110), NEBNext Companion Mod-
ule for ONT Ligation Sequencing (NEB, E7180S) and AMPure XP beads 
(made in-house by the Molecular Biology Service, Research Institute 
of Molecular Pathology). A DNA amount of 3 μg as input material was 
transferred into a 0.2-ml thin-walled PCR tube and the total volume was 
adjusted to 48 μl with nuclease-free water (Thermo Fisher, AM9937). 
DNA fragments were repaired and end-prepped as follows: 3.5 μl of 
NEBNext FFPE DNA Repair Buffer, 2 μl of NEBNext FFPE DNA Repair Mix, 
3.5 μl of NEBNext Ultra II End Prep Reaction Buffer and 3 μl NEBNext  
Ultra II End Prep Enzyme Mix were added to each tube. After mixing and 
spinning down, the samples were incubated at 20 °C for 30 min, followed 
by a second incubation at 65 °C for 5 min. The prolonged incubation time 
allowed recovery of longer fragments. The solution from each tube was 
then transferred to a clean 1.5-ml Eppendorf DNA LoBind tube (Eppen-
dorf) for clean-up. First, 60 μl of AMPure XP Beads was added to each 
tube. The samples were then incubated on a HulaMixer sample mixer 
(Thermo Fisher Scientific, 15920D) for 5 min at room temperature. Bead 
clean-up was performed with two washing steps on a magnetic rack, each 
time pipetting off the supernatant and adding 200 μl of freshly prepared 
70% ethanol. The pellet was resuspended in 61 μl of nuclease-free water 
and incubated for 5 min at room temperature. Tubes were placed on 
a magnetic rack to collect the final eluate (1 μl was then taken out for 
quantification). For adaptor ligation and clean-up, 60 μl of DNA from 
the previous step was combined with 25 μl of Ligation Buffer, 10 μl of 
NEBNext Quick T4 DNA Ligase and 5 μl of Adapter Mix in a 1.5-ml Eppen-
dorf DNA LoBind tube. The reaction was then incubated for 20 min at 

room temperature. A second AMPure bead clean-up step was carried out 
by adding 40 μl of bead solution to each tube, followed by incubation 
on a HulaMixer for 5 min at room temperature. After pipetting off the 
supernatant on a magnet rack, the beads were washed twice with 250 μl 
of Long Fragment Buffer. Finally, the supernatant was discarded, and the 
pellet was resuspended in 25 μl of Elution Buffer EB and incubated for 
10 min at 37°C to collect the final library. Samples were quantified using 
a Qubit fluorimeter and diluted appropriately before loading onto the 
flow cells. The final mass loaded on the flow cells was determined on the 
basis of the molarity, dependent on average fragment size. Sequencing 
was carried out using FLO-PRO002 (R9.4.1) flow cells from ONT on the 
PromethION 48. The sequencing run was stopped after 24 h, the flow 
cell was washed using the Flow cell wash kit XL (ONT, EXP_WSH004-XL) 
and then the library was reloaded.

Base calling and adaptor trimming
Guppy v.6.2.1 was used for base calling the Fast5 input files in ‘sup’ 
accuracy mode with adaptor trimming and read splitting disabled 
and the output was converted to FASTA. For adaptor trimming and 
read splitting, we subsequently used Porechop61 v.0.2.4 on the gener-
ated FASTA files in chunks of 300,000 reads with default parameters.

Reference genome alignments
Reads were aligned to the GRCh38 (ref. 62) and CHM13 (ref. 63) lin-
ear reference genomes as well as the prebuilt human genome graph, 
denoted HPRC_mg, which was previously constructed by the HPRC12 
(from HPRC year-1 samples; https://doi.org/10.5281/zenodo.6983934). 
We selected HPRC_mg as the pangenomic reference as it represents 
SVs while omitting SNPs and less than 50-bp indels12, thus comprising 
a compact graph structure facilitating analyses at the scale of a thou-
sand long-read genomes. For the GRCh38 and CHM13, we used mini-
map2 (ref. 64) to map the ONT reads using the options ‘-a -x map-ont 
--rmq=yes --MD --cs -L’. Samtools65 was used to sort the alignments and 
convert to CRAM. Multiple ONT runs for the same sample were tagged 
using different read-groups. Minigraph21 v.0.20-r559 was used to map 
the ONT reads against the HPRC_mg graph genome using the options 
‘--vc -cx lr’. During alignment, the ‘--vc’ flag enables the output of the 
alignments in vertex coordinates and the ‘lr’ option enables long-read 
mapping. The resulting graph alignments in GAF format21 were sorted 
using gaftools66 and compressed using bgzip.

Sample and alignment quality control
Using SNP calls of the high-coverage short-read data from the 1kGP 
cohort3, we implemented rigorous quality control measures to effec-
tively eliminate sample swaps and cross-contaminations. We first geno-
typed all SNPs from the short-read haplotype reference panel with an 
allele count greater than or equal to 6 in all samples using bcftools67. 
Individual VCF files were merged using bcftools67 into a multi-sample 
VCF file that was then combined with the short-read haplotype refer-
ence panel. We then used VCFtools68 to calculate a relatedness statistic 
of the long-read sequenced samples compared with the short-read 
sequenced samples using the ‘--relatedness2’ option. This analysis 
identified a sample swap between HG01951 and HG01983, which we 
relabelled afterwards. We excluded all samples that seemed to be 
cross-contaminated during library preparation, namely HG00138, 
HG02807, HG02813, HG02870, HG02888, HG02890, HG03804 and 
HG03778. Alignments were analysed using NanoPack69 to determine 
median and N50 read length and genome coverage (Supplementary 
Figs. 2, 4 and 49). To compare linear and graph genome alignments 
in terms of percentage identity, number of aligned reads (bases) and 
largest Cigar I and D event, we used lorax70 (Supplementary Fig. 3).

SV discovery using linear references
We used Sniffles71 v.2.0.7 and an LRS-optimized version of DELLY72 
(v.1.1.7) to discover SVs using linear reference genomes. For Sniffles, 
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we converted CRAM files to BAM format using samtools and then 
calculated for each sample candidate SVs and the associated SNF file 
using Sniffles. We then used Sniffles population-calling mode on all 
SNF files to generate two multi-sample VCF files, one for GRCh38 and 
one for CHM13.

Similarly, we also used DELLY’s population-calling mode which first 
calls SVs by sample using the new long-read (lr) subcommand. We then 
merged all candidate SV sites using DELLY merge with the options  
‘-p -a 0.05 -v 3 -c’ to select PASS sites that are precise at single-nucleotide 
resolution with a minimum variant allele frequency of 5% and a mini-
mum coverage of 3×. We then genotyped this SV site list in all sam-
ples using delly lr and merged the results by id with bcftools merge 
using the option ‘-m id’. We then applied sansa (https://github.com/
dellytools/sansa), a newly developed, multi-sample SV annotation 
method that detects SV duplicates on the basis of SV allele and geno-
type concordance, to remove redundant SV sites. The parameters for 
the sansa markdup subcommand were ‘-y 0 -b 500 -s 0.5 -d 0.3 -c 0.1’ 
to mark SV duplicates for sites that show an SV size ratio greater than 
0.5, a maximum SV allele divergence of 30%, a maximum SV breakpoint 
offset of 500 bp and a minimum fraction of shared SV carriers of 10%. 
After removing duplicates, we generated the final multi-sample VCFs 
for GRCh38 and CHM13.

To ensure specificity and facilitate genome graph augmentation, we 
further generated for Sniffles and DELLY separately a consensus callset 
of SVs shared between the GRCh38 and CHM13 reference genomes. We 
therefore lifted the GRCh38 callsets to CHM13 using bedtools73 and the 
liftOver tool74 with the GRCh38 to CHM13 chain file. We then compared 
the lifted VCF with the original CHM13 VCF file to identify shared SVs 
using sansa’s compvcf subcommand with the options ‘-m 0 -b 50 -s 0.8 
-d 0.1’ to identify SVs that have a size ratio greater than or equal to 0.8, a 
maximum SV breakpoint offset of 50 bp and an SV allele divergence of 
at most 10%. As the SV allele divergence filter requires a local assembly 
(for example, DELLY’s consensus SV allele sequence), we did not apply 
this filter to Sniffles. For genome graph augmentation, we subset the 
final VCFs to deletions and insertions only. All inversion-type SVs called 
by DELLY and Sniffles using the minimap2 alignments were integrated 
separately in the inversion analysis.

Inversion analysis
We developed a multi-tiered analytical pipeline to comprehensively 
ascertain inversions on the basis of LRS data. By inspecting previously 
known inversions in our dataset, along with simulating a range of small 
inversions (less than 1 kb) with a coverage closely mirroring our dataset 
(median 17×), we discovered that minimap2 frequently misaligned 
reads in small inversion regions, leading to increasing error rates in 
those genomic locations. To allow capturing of these inversions, we 
examined strategies for inversion discovery by simulating inversions 
of varied sizes (Supplementary Note 6). We generated simulated ONT 
reads from these augmented genomes, using SURVIVOR75, mimicking 
the sequencing coverage in our resource. Using pysamstats (https://
github.com/alimanfoo/pysamstats), we first calculated the mismatch 
rate per base pair in 50-bp intervals, initially in the simulated datasets 
to tune parameters and subsequently in the real data to identify candi-
date inverted regions for re-alignment. This analytical process showed 
that most genomic regions maintained a mismatch rate below 20%; 
regions surpassing this rate were identified as having an unexpect-
edly high mismatch rate and selected for re-alignment with NGMLR71 
(Supplementary Fig. 50). Post-exclusion of telomeric and centromeric 
regions, as well as of misaligned regions exceeding 1 kb in size, was then 
conducted to restrict the number of regions requiring remapping, 
thereby enhancing computational efficiency. The selected genomic 
segments underwent re-alignment using NGMLR and we then interro-
gated all realigned regions with DELLY72 to discover previously missed 
inversions. The final inversion calls in the remapped regions from all 
samples were consolidated using SURVIVOR merge75. For the rest of the 

regions not requiring re-alignment, inversion calling was conducted 
using both Sniffles and DELLY. Manual verification of true versus false 
positive calls was performed by examining dot plots and Integrative 
Genomics Viewer (IGV)-like plots generated with wally70 for each can-
didate inversion location for the largest ten reads per candidate region, 
ensuring the accuracy of our findings. Ultimately, we generated a final 
comprehensive inversion callset by merging all unique instances from 
each dataset with ‘bedtools merge’ (v.2.31.1)73. As the inversion analysis 
was conducted on the GRCh38 reference genome, regions were subse-
quently lifted over to the T2T-CHM13+Y genome, applying a 90% base 
remapping threshold to retain a region.

To evaluate our inversion dataset against two previous studies on 
1kGP samples3,36, we used ‘bedtools intersect’ (v.2.31.1)73, defining inver-
sions as ‘known’ if they exhibited a minimum of 50% reciprocal overlap 
with inversions from either previous dataset. Analysis against a previ-
ous study delineating inversions through whole-genome assembly36 
shows the efficacy of our methodology in detecting a diverse range 
of inversions, both repeat-mediated and non-repeat-mediated: our 
results showed that 65% of non-repeat-associated inversions and 41% 
of SD-mediated inversions were successfully identified. Furthermore, 
we refined our comparison to a 1kGP-derived short-read inversion data-
set3, for which we included only those inversions from the comparison 
dataset with quality scores of 30 or higher, to ensure the accuracy of 
our comparative analysis. This approach showed an overlap of 289 
inversions, or 36.5% concordance (median size of 530 bp).

Regarding the flanking repeats in repeat-rich inverted regions, 
we conducted a detailed analysis by manually inspecting the repeat 
types and their orientations at inversion breakpoints. Repeat data were 
acquired from the RepeatMasker track and the SD annotations of the 
CHM13 reference (obtained from https://github.com/marbl/CHM13); 
an inversion was classified as repeat-mediated if it was bracketed by 
repeats in reverse orientation relative to each other, detected through 
dotplot analysis.

Inversion genotyping was conducted using the GeONTIpe pipe-
line (commit: 1b5db07) (https://github.com/RMoreiraP/GeONTIpe), 
which identifies reads spanning inversion breakpoints and determines 
sequence order and orientation using probes positioned on both sides 
of the breakpoints. We focused on those inversions not genotyped by 
Giggles, by excluding inverted duplications and twin priming events. 
Multiple probe sets were tested, and for each inversion, a validated set 
of probes was generated and verified on dotplot-confirmed inversion 
carrier samples. Once the expected orientation was confirmed, the 
validated set of probes was applied to genotype the rest of the samples. 
All regions classified as ‘inverted duplications’ were excluded because 
of pipeline limitations, yielding a final dataset of 520 inversions. Of 
these, 407 inversions (78.3%) were successfully genotyped, with both 
haplotypes identified in 393 cases.

Notably, five inversions exclusively exhibited the inverted haplotype 
in all samples, suggesting either an inversion in the reference genome 
or a potential assembly error. In four cases, samples expected to have 
the inverted haplotype were classified as low confidence, with no other 
samples exhibiting the inversion. For a further five cases, manual analy-
sis showed either a misclassification as an inverted duplication or the 
presence of complex structural rearrangements in the putative reads 
with the inversion.

Phasing with the ONT reads
To conduct phasing, we first pursued phasing experiments with the 
ONT reads to check how well they compare to the statistical phasing 
done previously in high-coverage 1kGP short-read data generated by 
the New York Genome Center (NYGC)3. The NYGC phased VCFs and the 
NYGC raw genotypes were used. Using the NYGC raw genotypes, the 
phasing was done by WhatsHap76 (v.2.0) in three different ways: phasing 
with only the ONT reads (from hereon referred to as long-read phasing), 
trio phasing and trio phasing with the ONT reads (from hereon referred 



to as long-read–trio phasing). The trio phasing and long-read–trio 
phasing was conducted for the six complete family trios (family IDs: 
2418, CLM16, SH006, Y077, 1463 (paternal side), 1463 (maternal side)) 
for which our resource has long-read data. The long-read phasing was 
conducted for all of the 967 samples in the intersection of our 1,019 
sample set and the NYGC sample set of 3,202 (Supplementary Fig. 7 
and Supplementary Table 23). The phasing was pursued for all auto-
somes, and each chromosome was phased separately to allow parallel 
processing. The commands used are as follows:
•	 Long-read phasing: whatshap phase -o <output phased vcf> 

--chromosome <chromosome ID> --sample <sample name> -r <ref-
erence fasta> <NYGC raw genotypes for sample> <ONT CRAM for 
sample>

•	 Trio phasing: whatshap phase -o <output phased vcf> --chromosome 
<chromosome ID> -r <reference fasta> --ped <pedigree data for the 
NYGC samples> <NYGC raw genotypes for samples in a family>

•	 Long-read–trio phasing: whatshap phase -o <output phased vcf> 
--chromosome <chromosome ID> -r <reference fasta> --ped <pedigree 
data for the NYGC samples> <NYGC raw genotypes for samples in a 
family> <ONT CRAM for samples in a family>.

Comparison of the WhatsHap phased VCFs against NYGC 
statistical phasing
The phased VCFs produced by WhatsHap were compared against the 
NYGC statistical phasing using WhatsHap’s compare function. The 
commands are as follows:
•	 For the samples without trio data: whatshap compare --sample <sam-

ple name> --names longread,nygc --tsv-pairwise <pairwise tsv file> 
--tsv-multiway <multiway tsv name> <input longread phased vcf> 
<input nygc statistical phasing vcf>

•	 For the samples with trio data: compare --sample <sample name> 
--names trio,longread,trio-longread,nygc --tsv-pairwise <pairwise 
tsv file> --tsv-multiway <multiway tsv name> <input trio phased vcf> 
<input longread phased vcf> <input longread trio phased vcf> <input 
nygc statistical phasing vcf>.

Haplotype tagging of ONT reads
The ONT reads were haplotype-tagged (or haplo-tagged) using What-
sHap76 (v.2.0). The NYCG phased VCF3 was used as the reference for 
tagging the reads. The command used to tag the reads was: whatshap 
haplotag --skip-missing-contigs --reference <reference fasta> --sample 
<sample name> --output-haplotag-list <output file> --output /dev/null 
<NYGC phased VCF> <ONT CRAM>.

Although the main output of whatshap haplotag is a tagged align-
ment file, downstream tools used in this study required only a file con-
taining the tag for each read which is given in --output-haplotag-list. 
Owing to the presence of pseudo-autosomal regions (PARs) in the 
phased VCF, the command was altered for the male samples. Instead 
of providing the entire NYGC phased VCF, the non-PAR records were 
removed and the haplo-tagging was performed. After haplo-tagging, 
the list of reads aligning to the non-PAR on chr. X were extracted, 
assigned manually as the maternal haplotype and added to the haplotag  
list.

SV discovery from the graph
The aim of SVarp77 is to discover SVs on graph genomes, including for 
haplotypes missing in a linear reference. SVarp (commit: 0acba75) calls 
novel phased variant sequences, called svtigs, rather than a variant 
callset, which we later use in the graph augmentation step. To discover 
phased SV assemblies (svtigs) on top of the pangenome graph, we used 
haplotag read information and the alignment file (that is, GAF align-
ments) as input to the SVarp algorithm using <svarp -a GAF-FILE -s 5 -d 
500 -g GFA-FILE --fasta READS-FASTA-FILE -i SAMPLE_NAME --phase 
HAPLOTAG-FILE> command. With 967 samples, we found a total of 
1,108,850 variants (approximately 1,145 per sample).

To find specific SV breakpoint loci with respect to a linear reference 
genome, we used the PAV tool22 to call SV breakpoints, using svtigs that 
SVarp generated as input. This yielded 1,258,880 and 1,241,252 SVs 
relative to the CHM13 and GRCh38 linear genomes, respectively, that 
are more than 50 bp. However, we realized that some svtigs give rise to 
multiple SVs in the output of PAV. To ensure that variants called from 
the same svtig end up on the same pseudo-haplotypes in the graph 
augmentation step, we generated a script to combine records arising 
from the same svtig into a single VCF record. This is achieved by con-
necting multiple smaller such SVs into a single SV record through add-
ing reference sequence in-between. This yielded 564,661 and 562,311 
SVs relative to CHM13 and GRCh38, respectively.

The single-sample VCFs (relative to GRCh38) generated with PAV 
from the SVarp svtigs were merged into a multi-sample VCF using 
bcftools merge67 (v.1.18) and then post-processed using truvari col-
lapse78 (v.4.1.0). The latter step merges SV records probably repre-
senting the same event into a single record, removing redundancy. 
This reduced the number of SVs from 451,942 to 215,209. Finally, we 
filtered the resulting VCF by keeping only records present in at least 
two samples. This filtered set contained 70,932 SVs.

Graph augmentation
We developed a pipeline to add extra variants found by DELLY, Snif-
fles and SVarp across the 1kGP ONT samples to the minigraph graph 
so that they can be genotyped by Giggles (v.1.0)79. The main idea is 
to construct so-called ‘pseudo-haplotypes’ by implanting sets of 
non-overlapping variant calls into a reference genome and then add-
ing them to the graph using minigraph21 (Extended Data Fig. 1). Our 
pipeline consists of the following steps. At first, we remove variant 
calls that fall into the centromere regions and mark the respective 
region in the reference genome by masking the sequence by Ns using 
the tool bcftools maskfasta (v.1.18). We used the GRCh38 reference 
genome and centromere annotations obtained from the UCSC genome 
browser. In the next step, we generate the pseudo-haplotypes as fol-
lows. Each of the SV discovery callsets (DELLY, Sniffles, SVarp) contains 
variants overlapping across samples. Thus, inserting all of them into 
one reference genome will fail. Therefore, we first group variants of 
each callset into sets of non-overlapping variants, and then gener-
ate a consensus sequence for each of these sets by implanting the 
variants into the reference genome using bcftools consensus (v.1.18). 
As a result, we obtain a whole-genome consensus sequence for each 
of these sets, which we call the pseudo-haplotypes. For the DELLY 
calls, we obtained 26 such pseudo-haplotypes, for Sniffles we got 69 
and for SVarp we generated 117 pseudo-haplotypes. In total, these 
pseudo-haplotypes carry 154,319 DELLY SVs, 128,688 Sniffles SVs and 
70,813 SVs detected by SVarp. In the last step, we insert all of these newly 
constructed genome sequences into the graph using the minigraph 
tool (v.0.20). Thereby, the minigraph algorithm incorporates a new SV 
allele only if it is sufficiently different (that is, shifted by more than or 
equal to 50 bp) from SV alleles already represented in the graph21. We 
first inserted all SVarp haplotypes, then all DELLY haplotypes and finally 
all Sniffles haplotypes into the graph using the command: minigraph 
-cxggs -t32 <minigraph> <SVarp Pseudo-Haplotype FASTAs> <DELLY 
Pseudo-Haplotype FASTAs> <Sniffles Pseudo-Haplotype FASTAs> > 
augmented-graph.gfa.

In the augmented graph, the number of bubbles (Supplementary 
Fig. 8) increases to 220,168 (102,371 in the original graph) and the 
total sequence represented in the graph increases from 3,297,884,175 
bases to 3,477,266,061 bases. To identify bubbles in the augmented 
graph representing variation that was previously not represented in 
the original graph, we created BED files with coordinates of bubbles 
present in both graphs using gfatools bubble. Then we used bedtools 
closest to compute the distance between each bubble in the augmented 
graph and their respective closest bubble in the original graph (Sup-
plementary Fig. 10). We defined all bubbles in the augmented graph 
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whose distance to the closest bubble in the original graph is at least 
1 kb as ‘new’ bubbles, representing novel SV sites.

To evaluate our augmented graph, we aligned ONT reads of human 
sample HG00513 (a sample not part of HPRC_mg) to HPRC_mg_44+966 
using the command: minigraph -cx lr -t24 augmented-graph.gfa 
HG00513-reads.fa --vc 2 > alignments.gaf. For comparison, we aligned 
the same set of reads to the original graph (HPRC_mg) using the same 
command. We then computed alignment statistics using gaftools stat 
(Supplementary Table 3). We observed better alignment statistics 
when aligning reads to the augmented instead of the original graph. 
The number of aligned reads increased by 33,208, and the number of 
aligned bases by 152,454,715 bp.

Preparing phased VCF panel
We developed a pipeline that can reconstruct the alleles of the samples 
in the graph using the graph and the assemblies for the samples. First, 
the bubbles in the graphs are identified using gaftools66 (commit ID: 
feaf7f4). The function order_gfa tags the nodes of the graph to identify 
whether the nodes are bubble nodes (nodes inside a bubble) or scaf-
fold nodes (nodes outside a bubble). The phased panel is created by 
aligning the HPRC assemblies back to the tagged HPRC graph using 
minigraph21 (v.0.20-r559). The resulting alignments are processed to 
identify the alleles using the node paths between scaffold nodes. The 
allele information from the haplotype assemblies is then converted 
to a phased panel VCF. For the augmented graph, the same pipeline 
discussed above works where the pseudo-haplotypes are considered 
as assemblies and aligned to the augmented graph. On the basis of the 
tagging of the augmented graph, the alleles on the pseudo-haplotypes 
are identified and separate columns are created in the phased panel VCF 
corresponding to the alleles of the pseudo-haplotypes. This pipeline 
creates a multi-sample phased VCF, containing multiple alternative 
alleles for each record of the VCF.

The phased panel VCF is processed for its inclusion during Giggles79 
genotyping. Internal filter tags are set during the VCF creation step 
which allows for filtering of the bubbles for which allele information 
is not present for at least 80% of the samples. Additionally, bubbles 
are filtered out that do not have any alternative alleles in any of the 
haplotypes. From the phased panel VCF, a ‘Giggles-ready’ version is 
generated for which the reference alleles in the pseudo-haplotypes are 
masked with dots, because internally Giggles accounts for the allele 
frequency in the panels and the pseudo-haplotypes heavily bias the 
genotyping towards the reference used in the bcftools consensus step. 
The VCF records describe bubble structures in the graph. These bub-
bles often contain many nested and overlapping variant alleles, that 
is, a bubble does not necessarily represent a single variation event. To 
identify variant alleles represented in these bubbles, we applied the 
same bubble decomposition approach as previously described by the 
HPRC12. In short, the idea is to compare node traversals of the reference 
and alternative paths through bubbles to identify nested alleles. As in 
the previous HPRC study12, we then annotate the bubbles in our VCF to 
encode nested variants, so that we can translate genotypes computed 
for bubbles to genotypes for the variants represented in the graph.

Graph-aware genotyping
Graph-aware genotyping was conducted using Giggles79 (v.1.0), a 
pangenome-based genome inference tool that leverages LRS data. 
Giggles serves as a long-read alternative to PanGenie’s short-read-based 
approach80. It works with a Hidden Markov Model framework for which 
each variant position contains states corresponding to all possible 
genotypes at that position. The transition probabilities are based on 
the Li–Stephens model81 and the emission probabilities are based on the 
alignment of reads around an interval window of the variant position. 
Forward–backward computation of the Hidden Markov Model gives 
the posterior likelihoods of each state at each variant position which 
can be used to compute the likelihood of genotypes across the genome.

Giggles requires a phased VCF panel, sorted graph alignments, 
the input long reads, tagged graph and the haplotype tagging of the 
reads. We use the command: giggles genotype --read-fasta <input 
reads> --sample <sample name> -o <output vcf> --rgfa <tagged gfa> 
--haplotag-tsv <haplotype tags> <phased panel VCF> <sorted align-
ments>. This outputs an unphased VCF with the genotypes for the 
given sample.

The VCFs were further filtered using bcftools67 to create a high-quality 
genotype set. This was achieved by masking genotypes of samples hav-
ing a genotyping quality of less than 10 and dropping variant positions 
for which more than 5% of genotypes are missing. The commands are: 
bcftools view --min-ac 1 -m2 -M2 <vcf> | bcftools +setGT - -- -t q -n. -i ‘FMT/
GQ<10’ | bcftools +fill-tags - -- -t all | bcftools filter -O z -o <filtered-vcf> 
-i ‘INFO/AC >= 1 && INFO/F_MISSING <= 0.05’.

We stratify the SVs as biallelic or multiallelic on the basis of the bub-
ble these SVs originate from. If the bubble has more than two alleles 
defined in the phased VCF panel given to Giggles as an input, then the 
SV is defined to be multiallelic. Otherwise, if only one alternative allele 
is defined, the SV is defined to be biallelic.

Mendelian inconsistency statistics
For the six complete family trios in our dataset, we calculated Mende-
lian inconsistency statistics (Supplementary Fig. 51). We provide the 
confusion matrices and various statistics for each family, genotyped 
against HPRC_mg and HPRC_mg_44+966, and also report for various 
variant types depending on whether the variant came from a biallelic 
or multiallelic bubble (Supplementary Tables 5–12). The definitions 
for each statistic can be found in Supplementary Table 4.

Statistical phasing using high-coverage short-read data of 1kGP 
samples
Using SHAPEIT5 (ref. 82), we statistically phased the multi-sample 
VCF file outputted by Giggles using a recently constructed CHM13 
haplotype reference panel19. This panel uses SNP and InDel calls gener-
ated from 1kGP short-read data3,83 for CHM13. We first subsetted the 
unphased input VCF from Giggles with 167,291 SVs to the 908 unre-
lated samples present in the haplotype reference panel, set genotypes 
with a quality less than 10 to ‘missing’ and subsequently dropped all 
SV sites with allele count zero. We then used the SHAPEIT5 common 
variant phasing mode to incorporate the new SV alleles into the SNP 
and InDel haplotype scaffold, yielding a phased VCF with 164,571 SVs. 
Before the phasing we split multiallelic variants into biallelic variants 
using bcftools norm67 with the option ‘-m -any’. After phasing, we joined 
multiallelic variants back into the original state using bcftools norm 
with the option ‘-m +any’.

Using plink84, we assessed linkage disequilibrium to nearby SNPs in 
a window of 1 Mb. We first converted the VCF to plink input files and 
then used plink to calculate r2 values of all SVs to nearby SNPs. For the 
linkage disequilibrium analysis, we further subdivided the CHM13 
genome into GiaB ‘difficult’ regions and ‘high-confidence’ regions85 
(using the CHM13_notinalldifficultregions.bed.gz file; Extended Data 
Fig. 3 and Supplementary Figs. 26 and 52).

Comparison with previous SV callsets
For the comparison with SV calls derived from high-quality genome 
assemblies from the HGSVC we used Truvari78, using the CHM13 refer-
ence genome (Supplementary Note 3). To enable further analyses with 
previous callsets, we additionally lifted our SV calls to GRCh38 using 
liftOver74 with the CHM13 to GRCh38 chain file. As extra baseline callsets 
(GRCh38-based), we included the callsets produced in ref. 3, ref. 22 and 
ref. 4, labelled as nygc, pangenie and phase3, respectively (Supplemen-
tary Fig. 20). The comparison of SVs was restricted to autosomes and 
chromosome X for deletions and insertions separately. We used sansa 
compvcf to compare the SV VCF files using default parameters. We 
altered the base and comparison VCFs to identify SVs that are distinct 



for one or the other callset and to identify potential 1:many SV overlaps 
among the shared SVs. We used the presence of INSSEQ and the absence 
of IMPRECISE in the INFO field as criteria for sequence-resolved inser-
tions in previous short-read SV callsets3 (Fig. 1).

Population differentiation
We used ADMIXTURE v.1.3.0 (https://github.com/NovembreLab/admix-
ture) to compute admixture for K = 5. For performing SV-based principal 
component analysis we used EIGENSOFT 8.0.0 (https://github.com/
DReichLab/EIG). Fst values were calculated using VCFtools for each 
continental population (against the remaining samples) and each popu-
lation (against the remaining samples) per site and for 1-Mb windows.

SV impact estimation on genomic features
We used Ensembl VEP with annotation from the CHM13 rapid release 
of Ensembl (107) to estimate the impact of the SVs on genomic fea-
tures. Processing was performed using the command: vep --assembly 
T2T-CHM13v2.0 --regulatory --offline -i final-vcf.unphased.vcf.

We observe a large difference in the mean allele frequencies of SVs 
affecting coding (mean MAF 0.009) and non-coding (mean MAF 0.061) 
regions. This observation and the P value of 0.0 reported by both t-test 
and Kolmogorov–Smirnov test thereby support the hypothesis that 
the two underlying distributions are different.

Targeted genotyping of challenging loci
Locityper86 (v.0.13.3) is a targeted whole-genome sequencing-based 
genotyper designed for challenging loci. Our initial set of target genes 
was preprocessed using locityper add -e 300k. Our analysis based on 
Locityper focused on 270 loci identified by GiaB as challenging, yet 
crucial for understanding genetic underpinnings of various diseases26, 
along with 20 polymorphic MUC family genes and the LPA gene, which 
are of particular interest because of their association with various 
structural haplotypes and health conditions87,88. ONT datasets were 
preprocessed and genotyped with locityper preprocess --tech ONT 
and locityper genotype, respectively. A database of locus haplotypes 
was constructed on the basis of the GRCh38 and CHM13 reference 
genomes, as well as on the basis of the 44 diploid HPRC whole-genome 
assemblies. To evaluate genotyping accuracy, we aligned haplotypes to 
each other using the Wavefront alignment algorithm89, and calculated 
sequence divergence as a ratio between edit distance and alignment 
size. Local haplotypes were extracted from the NYGC callset using 
bcftools consensus.

SV annotation with SVAN
SV calls generated with our SAGA framework were processed with the 
SVAN tool (commit: 7b97325, v.1.3) (https://github.com/REPBIO-LAB/
SVAN) to classify them in distinct classes on the basis of distinctive 
sequence features:

Retrotranspositions. Canonical retrotransposition events were identi-
fied by searching for poly(A) and poly(T) tails at the 5′ end 3′ ends of 
the deleted and inserted sequences. Poly(A/T) tracts were required 
to be at least 10 bp in size, have a minimum purity of 90% and be at a 
maximum of 50 bp from the insert end or beginning, for poly(A) and 
poly(T), respectively. The sequence corresponding to the TSD was  
detected and trimmed from either the 5′ or 3′ end of the L1 insert 
through the identification of exact matches with the genomic sequence 
at the integration position. To have all candidate retrotransposed  
inserts in forward orientation, the reverse complement sequence for 
every trimmed insert occurring in the minus strand was obtained.

Candidate 3′ partnered transductions were detected by searching for 
a second poly(A) stretch at the 3′ end of the trimmed sequences using 
the same criteria outlined above. Integrants with a secondary tail were 
annotated as ‘3′ transduction’ candidates with the sequence in-between 
the poly(A) stretches corresponding to the transduced bit of DNA, 

whereas those with a single tail were classified as ‘solo’ candidates. To 
trace transductions to their source loci, transduced sequences were 
aligned onto CHM13 using BWA-MEM90. To maximize sensitivity for 
particularly short transduction events, a minimum seed length (-k) 
of 8 bp and a minimum score (-T) of 0 were used. Alignment hits were 
filtered by requiring a minimum mapping quality of 10. Transduction 
candidates with less than 80% of the transduced sequences aligning 
on the reference were further filtered out.

The retrotransposition candidates were further trimmed by remov-
ing the poly(A) tails and transduced sequences. To identify processed 
pseudogenes, orphan transductions, 5′ partnered transductions and 
retroelement sequences, the resulting trimmed inserts were aligned 
onto CHM13 using minimap 2.1, as well as BWA-MEM 0.7.17-r1188, by 
using the parameters described above and with the alignment con-
ducted onto a database of consensus L1, Alu and SVA repeats. The SVA 
repeats database contains separate sequences for each SVA component, 
including the Alu-like region, VNTR, SINE-R and exon 1 of the MAST2 
gene, which is characteristic of the SVA-F1 subfamily.

Alignment hits were filtered by requiring a minimum mapping qual-
ity of 10, and chained on the basis of complementarity to identify the 
minimum set of non-overlapping alignments that span the maximum 
percentage of the trimmed insert. On the basis of the alignment chains, 
retrotranspositions are classified as processed pseudogenes (more 
than or equal to 75% aligns on the reference over single or multiple 
Gencode 35 annotated exons91), orphan transductions (more than 
or equal to 75% aligns on the reference outside exons), 5′ transduc-
tions (more than or equal to 75% aligns both into the reference on its 
5′ and into the consensus of a retrotransposon) and solo (more than 
or equal to 75% aligns into a single consensus retrotransposable ele-
ment). Alignment chains are further analysed to decompose each MEI 
into its sequence components, including inversions at the 5′ end of L1 
and processed pseudogene insertions or the set of individual repeats 
composing SVA inserts.

Non-canonical MEIs. Insertions and deletions without a poly(A) tail 
detected were aligned into a database of consensus L1, Alu and SVA 
repeats as described above to identify non-canonical MEIs. Alignment 
hits were filtered and chained and non-canonical MEI calls made if 
more than or equal to 75% of the sequence aligned into one or multiple 
repeat classes.

Endogenous retroviruses. Inserted and deleted sequences were 
aligned with BWA-MEM 0.7.17-r1188 into a database containing con-
sensus ERV and LTR sequences. Alignment hits were filtered and chained 
as described above. SVs with hits spanning more than or equal to 75% of 
their sequence on the retrovirus database were classified as Solo-LTR 
and ERVK, on the basis of the presence of an LTR alone or LTR plus ret-
roviral sequence, respectively.

VNTRs. Expansions and contractions of VNTR loci were annotated 
by processing inserted and deleted sequences with TRF (Tandem  
Repeats Finder) v.4.04 (ref. 92). TRF hits were processed and chained 
on the basis of complementarity to determine the minimum set of 
non-overlapping hits that span the maximum fraction of the sequence. 
On the basis of the hit chains, SVAN classified VNTRs as simple (more 
than or equal to 75% of the sequence corresponds to a single repeated 
motif) and complex (more than or equal to 75% corresponds to more 
than one repeated motif).

Duplications. Diverse classes of duplications, including tandem, invert-
ed and complex duplication events, were annotated by realigning the 
inserted sequences onto the reference using minimap 2.1. Alignments 
were filtered to select only those located within a 2-kb window around 
the insertion breakpoint. These were further chained on the basis of 
complementarity to determine the minimum set of non-overlapping 
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hits spanning the maximum percentage of the sequence. On the basis 
of the alignment chains, duplications are classified as tandem (more 
than or equal to 75% of the sequence aligns at the insertion breakpoint 
in forward orientation), inverted (more than or equal to 75% of the 
sequence aligns at the insertion breakpoint in reverse orientation) 
and complex (more than or equal to 75% of the sequence aligns at the 
insertion breakpoint both in forward and reverse orientation).

NUMTs. Insertions with more than or equal to 75% of their sequence 
having one or multiple minimap 2.1 alignments on the mitochondrial 
reference are classified as NUMT.

Transduction analysis
L1 and SVA transductions were clustered on the basis of the alignment 
position on the reference of their corresponding transduced sequences 
to identify their source regions. A buffer of 10 kb was applied to their 
start and end alignment positions before clustering. Source regions 
were further intersected with a database of full-length loci to determine 
the progenitor repeat. This database was generated by aggregating 
all the full-length L1s (more than 5.9 kb in size) and SVAs (more than 
1 kb) in CHM13 detected as non-reference insertions in our SV callset. 
Progenitor repeats were further annotated by determining their inser-
tion orientation and subfamily. For L1 events, subfamily assignment 
was performed through the identification of subfamily diagnostic 
nucleotide positions on their 3′ end. L1 progenitors bearing the diag-
nostic ‘ACG’ or ‘ACA’ triplet at the 5,929–5,931 position were classified as 
‘pre-Ta’ and ‘Ta’, respectively. Ta elements were subclassified into ‘Ta-0’ 
or ‘Ta-1’ according to diagnostic bases at the 5,535 and 5,538 positions 
(Ta-0: G and C; Ta-1: T and G). Elements that did not show any of these 
diagnostic profiles could not be assigned to a particular category, and 
their subfamily status remained undetermined. For SVAs, the inserts 
were processed with RepeatMasker v.4.0.7 to determine the subfamily. 
If multiple RepeatMasker hits were obtained, the one with the highest 
Smith–Waterman score was selected as representative. To assess a bias 
in source elements to generate 5′ or 3′ transduction events, respectively, 
we conducted two-tailed binomial tests followed by controlling for the 
FDR according to Benjamini and Hochberg93. We included all source 
elements with at least five non-orphan transductions when conducting 
statistical testing for 5′ versus 3′ bias.

To investigate source element novelty, we compared active source 
L1s and SVAs identified in this study with source elements previously 
reported to be active on the basis of transduction traces seen in ger-
mline22,94 as well as cancer genomes95,96, and additionally compared our 
dataset with previously reported in vitro activity measurements97,98.

SV breakpoint junction analysis
The detection of homologous sequences and microhomologies flank-
ing deletions and insertions was conducted on the primary callset, 
after removing calls less than 50 bp in length, using two approaches: 
Microhomology was quantified using the available homology output 
from SV calls generated by DELLY72 (v.1.2.6). We systematically gen-
erated DELLY calls for each SV by building synthetic reads carrying 
the respective SV allele, mapping those synthetic reads with mini-
map2 (ref. 64) (v.2.2.26) onto the genomic reference of the SV with 
4-kb padding and calling the respective SV with DELLY. The synthetic 
reads consist of a 2-kb reference sequence upstream of the SV start, 
the inserted sequence (only for insertions and modified for larger 
insertions) and a 2-kb reference sequence downstream of the SV end 
coordinate. For insertions longer than 100 bp, we used at most the first 
and last 50 bp of the inserted sequence to avoid aberrant mapping of 
the insert, which was especially observed in the case of long insertions. 
Owing to the use of truncated inserts for insertions, only homologies 
with a length of 50 bp were considered, and larger values were set to 
50 bp. The second approach aimed to capture longer stretches of 
homology using BLAST99-based detection of homologous stretches 

of DNA. For this, various pairs of search windows around both break-
points were defined. Search windows were either symmetric with a 
padding of 50 bp, 100 bp, 200 bp, 400 bp, 1 kb, 2 kb, 5 kb, 10 kb, 50 kb 
and 100 kb, or asymmetric with a window size of ‘SV length’, which is 
shifted regularly along the breakpoint (0 bp upstream/‘SV length’ bp 
downstream; 1/6 ‘SV length’ upstream/5/6 ‘SV length’ downstream; 
…; ‘SV length’ upstream/0 bp downstream). From the predefined 
windows, only those leading to no overlap between windows were 
used. Potential homologies were detected using blastn 2.12.0 with 
-perc_identity 80 and -word_size 5, for which the sequences inside the 
search windows were passed using the -subject and -query parameters. 
To allow for equivalent analyses between deletions and insertions, 
insertions were implanted into the CHM13 reference genome and the 
search windows were defined on the modified reference sequence. 
BLAST results were filtered to ensure flanking homology stretches 
show the same directionality, span the respective SV breakpoints and 
contain the respective breakpoint at the relative same position inside 
the homology segment.

For annotation of repeat-mediated SVs, the overlap of the homolo-
gous sequences with RepeatMasker (v.4.1.2) annotations was used. 
For deletions, overlap of the homologous regions with the elements of 
the RepeatMasker track of the CHM13 reference12,22,63 (obtained from 
https://github.com/marbl/CHM13) was calculated with bedtools73 
(v.2.31.1) intersect. Deletions were classified as repeat-mediated if at 
least 85% of the bases of the homologous regions on both sides intersect 
a RepeatMasker annotation of the same class and at least one homolo-
gous region spans 85% of the RepeatMasker element. For insertions, 
the homologous sequences outputted by blastn were annotated with 
RepeatMasker and insertions for which both homologous flanks show 
a reciprocal overlap of at least 85% with a RepeatMasker annotation of 
the same class were deemed repeat-mediated. To analyse SD-mediated 
deletions, all deletions were intersected with the SD track of CHM13. 
Hits spanning more than 85% of the homologous region and span-
ning more than 200 bases or 50% of the SD were defined as putatively 
SD-mediated.

VNTR genotyping using vamos
We performed VNTR genotyping on the long-read data from our 
resource using vamos (v.2.1.3)7. We used the VNTR motif annotations 
provided by the authors of vamos on the CMH13 reference100 to geno-
type VNTRs on all the samples of our dataset. We performed quality 
control on the VNTR calls by comparing the calls produced from these 
ONT reads with the VNTR calls produced from recently generated 
multi-platform whole-genome assemblies20, focusing on the 16 over-
lapping sampling between the two callsets (Supplementary Fig. 7). 
For each VNTR position described by the motif annotations, we com-
pared the number of repeat units that were present in the VNTR allele 
called using vamos. As the VNTRs called on our dataset are read-based 
and the HGSVC dataset20 is genome assembly-based, the VNTR alleles 
of our dataset are unphased whereas the HGSVC VNTRs are phased. 
For allelic comparison, we paired the ONT 1kGP-based alleles with the 
HGSVC alleles having the smallest difference in repeat unit counts. We 
removed the VNTR alleles for which the HGSVC assemblies showed the 
VNTR to be close to the reference VNTR (when the VNTR allele from 
the assemblies had a base pair length between 90% and 110% of the 
reference VNTR allele). We compared the rest of the VNTR alleles to 
assess the concordance between calls on the basis of our resource and 
the HGSVC assembly-based calls. We also conducted a comparison for 
mismatched samples, verifying that random VNTR matching does not 
produce similar results.

Deletion recurrence analysis
To detect potential NAHR-mediated deletion recurrence, we ana-
lysed deletions shorter than 5 kb in length exhibiting a flanking 
sequence homology of 200–9,000 bp. The lower bound of 200 bp 



was introduced to account for the minimal processing length of flank-
ing repeat sequences previously thought to be necessary for NAHR 
to occur52,101. The upper bound of 9,000 bp was chosen to system-
atically assess the role of the most abundant repeat elements in the 
human genome, including small- to intermediate-sized SDs as well 
as mobile elements, which we consider to be ideal candidate sites 
for SV recurrence owing to their pervasive presence as repeats in the 
genome providing substrates for NAHR. Additionally, to focus the 
analysis on potentially recurrent events, we limited our analysis to 
deletions with allele frequency of 40–60%. Furthermore, we used 
Hardy–Weinberg equilibrium and Mendelian consistency statistics 
to exclude events with potential genotyping errors. Last, we filtered 
out deletions for which phasing information was unavailable. Using the 
above-mentioned criteria, we retained 42 deletions for our analysis. 
To find evidence of recurrence, we used an approach similar to the 
approach we previously devised to detect recurrent inversions in the 
genome36. We screened for SNPs with at least 10% allele frequency 
lying within a 20-kb window centred around the deletion in search for 
positions for which we observe SNP alleles in haplotypes both with and 
without the deletion—which we denote recurrence-indicating SNPs. 
Additionally, we used centroid hierarchical clustering to cluster the 
SNP haplotypes in a 100-kb window centred around the deletion, in 
an effort to assess whether the haplotypes with and without the dele-
tion appear together in similar clusters, a phenomenon that indicates 
that the event recurred in humans. For all 42 shortlisted potentially 
recurrent candidates, we manually inspected these visualizations of 
SNP haplotypes as well as read alignments from carriers of deletion 
and reference alleles, respectively, to confirm that genotyping was 
accurate, that the clustering signal was not driven by recombination 
and that recurrence-indicating SNPs were present on both sides of 
the deletion. We selected six candidates with the strongest evidence 
for SV recurrence upon inspection and included the visualizations as 
Supplementary Figs. 38–43 and as Extended Data Fig. 8.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Our open data resource is fully available to the community for down-
load at the IGSR. Data access FTP link: https://ftp.1000genomes.ebi.
ac.uk/vol1/ftp/data_collections/1KG_ONT_VIENNA/. The data have 
additionally been made available at the Amazon Web Services (AWS) 
cloud computing platform at s3://1kg-ont-vienna and at the European 
Nucleotide Archive (ENA) under accession PRJEB89727. These reposito-
ries contain the graph and linear reference genomes, alignments, input 
SV callsets, the augmented genome graph, genotyped and phased SVs, 
as well as auxiliary data used for evaluating SV callset accuracy. Raw and 
basecalled sequencing data are also available via the OpnMe initiative 
of Boehringer Ingelheim: https://opnme.com/genomiclens. Further 
sequencing data are available from the European Genome-Phenome 
Archive under accession EGAS00001008170.

Code availability
General information about this project is available at https://github.
com/1kg-ont-vienna/sv-analysis. A pipeline to create a multi-sample 
SVarp VCF from single-sample SVarp calls (used as one of the call-
sets going into graph augmentation) and the graph augmentation 
pipeline is available at https://github.com/eblerjana/long-read-1kg 
(commit: 44a1752). The Giggles genotyping algorithm is available at 
https://github.com/samarendra-pani/giggles (commit: 5226884). The 
pipelines and scripts available at https://github.com/marschall-lab/
project-ont-1kg (commit: 32d896d) are: haplo-tagging of aligned 

reads, phasing experiments with WhatsHap, SV genotyping with Gig-
gles on HPRC_mg and HPRC_mg_44_966, SV discovery with SVarp, 
chimpanzee ancestral allele annotation, VNTR genotyping with vamos 
and some pipelines for quality assessment. The repository also hosts 
analysis scripts for the genotypes and the SVAN annotations. Cura-
tion work for VNTR-associated diseases has also been provided. The 
sequence-to-graph alignment sorting and processing of GAF files 
was done using gaftools. Gaftools is available at https://github.com/
marschall-lab/gaftools (commit: feaf7f4). The Structural Variants ANno-
tator (SVAN) tool is available at https://github.com/REPBIO-LAB/SVAN 
(commit: 7b97325, v.1.3). DELLY pangenome filtering mode is available 
at https://github.com/dellytools/delly (commit: 4984ff2) and sansa 
for SV comparison at https://github.com/dellytools/sansa (commit: 
198be12). The pangenome-based SV discovery tool SVarp is available at 
https://github.com/asylvz/SVarp (commit: 0acba75). Scripts for find-
ing and annotating homologous flanks at SV breakpoints are available 
at https://github.com/carstenhain/SV_homology (commit: 534b216). 
A pipeline to simulate ONT data on a genome with small inversions 
for benchmarking genome mappers and callers is available at https://
github.com/celiatsapalou/Simulations_ONT_Data (commit: cf0513b). 
A pipeline to export high-mismatch regions, perform remapping and 
carry out calling inversions is available at https://github.com/celiat-
sapalou/Small_Inversions_Remap (commit: f9d8a44). The pipeline to 
genotype inversions using ONT reads is available at https://github.com/
RMoreiraP/GeONTIpe (commit: 1b5db07). The pipeline for filtering 
rare disease-associated SVs using our resource is available at https://
github.com/hugocarmaga/rare-disease-analysis (commit: add69e9). 
A pipeline producing structural variation VCF files from HiFi reads is 
available at https://github.com/hugocarmaga/variant-calling (com-
mit: 5062a67). DNA methylome analysis scripts are available at https://
github.com/santanaw/1kGP_mods (commit: 8c7ba71).
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