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Preface

This thesis is based on three scientific publications. The full articles are included as chapters for
ease of reading. All three articles are published under some variant of the Creative Commons
License, which allow their redistribution. Below, the articles are presented in chronological
order, from the oldest to the most recent one. The full citation, the DOI, and its license are
listed.

Indexed publications

Cuenca-Guardiola, J., de la Morena-Barrio, B., Garcia, J. L., Sanchis-Juan, A., Corral, J.
& Fernandez-Breis, J. T. Improvement of Large Copy Number Variant Detection by Whole
Genome Nanopore Sequencing. Journal of Advanced Research 50, 145-158 (Aug. 2023). Doi:
https://doi.org/10.1016/j.jare.2022.10.012. License: Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (https://creativecommons.org/licenses/
by-nc-nd/4.0/).

Cuenca-Guardiola, J., de la Morena-Barrio, B., Navarro-Manzano, E., Stevens, J., Ouwehand,
W. H., Gleadall, N. S., Corral, J. & Fernandez-Breis, J. T. Detection and Annotation of
Transposable Element Insertions and Deletions on the Human Genome Using Nanopore Se-
quencing. iScience 26. (2023) (Nov. 2023). Doi: https://doi.org/10.1016/j.isci.2023.
108214.  License: Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Inter-

national (https://creativecommons.org/licenses/by-nc-nd/4.0/).

Cuenca-Guardiola, J., de la Morena-Barrio, B., Corral, J. & Fernandez-Breis, J. T. Advanced
Analysis of Retrotransposon Variation in the Human Genome with Nanopore Sequencing Us-
ing Retrolnspector. Scientific Reports 15, 14489 (Apr. 2025). Doi: https://doi.org/10.
1038/s41598-025-98847-7. License: Creative Commons Attribution-NonCommercial-No

Derivatives 4.0 International (https://creativecommons.org/licenses/by-nc-nd/4.0/).
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Resumen and Summary

Resumen

Las variantes estructurales (VE) han sido dificiles de estudiar y caracterizar por completo
hasta la llegada de la secuenciacion de tercera generacion. Esta permite detectar VE con
precision en sus coordenadas e informacion del efecto en la secuencia a nivel genémico, gracias
a lecturas mas largas. Esta tesis estudia como mejorar la deteccion de VE de distintos tipos con
secuenciacion de nanoporos, con sus resultados recogidos en un compendio de tres publicaciones
cientificas indexadas. Durante su desarrollo, se presta especial atencién a VE relacionadas con
la deficienciad de antitrombina, una enfermedad congénita que aumenta el riesgo de sufrir
trombosis. Al tratarse de una enfermedad de herencia mendeliana, normalmente causada por
mutaciones en un inico gen, supone un excelente punto de partida para el desarrollo de métodos

que puedan extenderse posteriormente.

Los objetivos de la tesis son la deteccion y caracterizacion, usando datos de secuenciacion con
nanoporos, de variantes de niimero de copias mayores de 50 kilobases, de inserciones y deleciones
de elementos trasponibles, asi como el estudio del posible impacto funcional de estas dos, y la

creacion de métodos bioinformaticos reproducibles y reusables.

La metodologia general ha consistido en el alineamiento de las lecturas de nanoporo, deteccion
de variantes, unién de los conjuntos de variantes y analisis posteriores especificos, como célculo
de cobertura o la deteccion de secuencias de elementos trasponibles, ademéas de programas
propios creados para el propoésito de cada trabajo. Para el alineamiento y deteccion de variantes
se han hecho andlisis de desempeno considerando minimap2, Ira y NGMLR como alineadores,
y Sniffles, Sniffles2, CuteSV, SVIM y NanoVar como detectores de variantes. Para asegurar la
reproducibilidad, se ha usado conda para distribuir una herramienta, disCoverage, y Snakemake,

para una nueva pipeline, Retrolnspector.

Los resultados aparecen en tres publicaciones. Primero, se analiza el rendimiento de la secuen-
ciacion de tercera generacion con duplicaciones y deleciones de gran tamano. Tras seleccionar
los programas con mejor desempeno, se baja exactitud en los resultados, por lo que se presenta
un método para filtrar los resultados de estos programas. Se trata de disCoverage, un programa
que analiza la salida de detectores de variantes y filtra grandes mutaciones mediante analisis
estadistico de cobertura, aunque no es capaz de detectar variantes por si mismo. Segundo, se

presenta un analisis de inserciones y deleciones de elementos trasponibles a nivel genémico, en
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el que se investiga la diversidad de estas mutaciones, su impacto funcional y se comparan los
resultados con otros estudios. Se discute la viabilidad de la secuenciacién por nanopores para
detectar mutaciones patogénicas, aunque no se analiza la presencia de secuencias indicado-
ras de retrotransposicién. Por ultimo, se presenta una herramienta que refina la metodologia
del segundo articulo, incluyendo el andlisis de marcas de transposicién, aunque con resultados
dificiles de interpretar, y la empaqueta en una pipeline, Retrolnspector, de sencilla instalacién

y ejecucion, con ficheros documentados y restimenes graficos.

La tesis en su conjunto presenta el resultado de una labor investigadora con secuenciacién de
nanoporos, enmarcada en el estado del arte, presentando nuevos métodos y sus limitaciones,

comentadas también como futuro trabajo.

Summary

Structural variants (SVs) have been challenging to study and fully characterize until the advent
of third-generation sequencing technologies. These technologies, by providing longer reads,
enable accurate detection of SVs with precise genomic coordinates and information about their
sequence-level effects. This thesis explores how to improve the detection of various types of SVs
using nanopore sequencing, with its findings compiled in a compendium of three peer-reviewed
scientific publications. Special attention is given to SVs related to antithrombin deficiency,
a congenital disorder that increases the risk of thrombosis. As a Mendelian disease typically
caused by mutations in a single gene, it serves as an excellent starting point for the development

of methods that may later be generalized.

The objectives of this thesis are the detection and characterization, using nanopore sequencing
data, of copy number variants larger than 50 kilobases, insertions and deletions of transposable
elements, as well as the assessment of their potential functional impact, and the development

of reproducible and reusable bioinformatics tools.

The general methodology involves alignment of nanopore reads, variant calling, merging of
variant sets, and specific downstream analyses such as coverage calculation or transposable
element sequence detection. Custom software was also developed for the specific needs of each
study. Performance analyses were conducted to compare alignment tools (minimap2, Ira, and
NGMLR) and variant callers (Sniffles, Sniffles2, CuteSV, SVIM, and NanoVar). To ensure
reproducibility, conda was used to distribute a software tool, disCoverage, and Snakemake was

employed for workflow management for the pipeline Retrolnspector.

The results are presented across three publications. The first evaluates the performance of
third-generation sequencing for detecting large duplications and deletions. After identifying
the best-performing tools, low precision was observed, prompting the development of a filtering
method. This led to the creation of disCoverage, a program that filters large mutations based

on coverage statistics, using the output of variant callers. While not a variant caller itself, it
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improves result quality. The second publication presents a genome-wide analysis of insertions
and deletions of transposable elements, investigating their diversity and functional impact,
and comparing the findings to previous studies. The feasibility of using nanopore sequencing to
detect pathogenic mutations is discussed, although the presence of retrotransposition hallmarks
is not analyzed. Finally, the third publication introduces a tool that refines the methodology
from the second study, incorporating the detection of transposition signatures, though with
results that are difficult to interpret, and packages the process into an easy-to-use pipeline,

Retrolnspector, featuring documented output files and graphical summaries.

Overall, this thesis presents a body of research grounded in the state of the art in nanopore
sequencing, offering new methodological approaches alongside a critical discussion of their lim-

itations and future directions.
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Resumen en espanol

Introduccion

La genémica moderna ha experimentado una transformacién radical con la aparicion de las
tecnologias de secuenciacion de tercera generacion (STG), particularmente la secuenciacién por
nanoporos. Su capacidad de generar lecturas largas y ultralargas ha abierto nuevas vias para
el estudio de variantes genéticas complejas, especialmente las variantes estructurales (VE), que
han sido histéricamente dificiles de caracterizar. Las VE son reordenamientos del material
genético de mas de 50 pares de bases (pb) que comprenden una amplia gama de mutaciones. A
pesar de ser menos numerosas que las variantes de un solo nucledtido (SNP) o las inserciones
y deleciones cortas (indels), las VE representan la mayor fraccién de la diferencia de longitud
entre dos genomas individuales, lo que les confiere gran importancia en la diversidad genética
y funcionalidad genémica. Han sido asociadas a enfermedades multifactoriales, entre las que se
incluyen factores neurolégicos, enfermedades autoinmunes y cancer. En relacion a la deficiencia
de antitrombina, central en este trabajo, estudios previos han mostrado que distintos tipos de
VE tienen efecto patogénico. Algunas de estas variantes escapan la deteccién de otras técnicas,

mientras que las que ya se podian detectar se caracterizan mejor mediante STG.

Esta tesis doctoral se centra en la mejora de la deteccion y caracterizacion de VE utilizando
datos de secuenciacion por nanoporos, con variantes relacionadas con la deficiencia de antitrom-
bina (AT) como punto de partida. La deficiencia de AT es un trastorno congénito hereditario
autosémico dominante que aumenta el riesgo de padecer trombosis, por la disminuciéon en el
nivel de AT o produccién de una proteina no funcional. Aunque la mayoria de las mutaciones
patogénicas conocidas en el gen SERPINC1, que codifica la AT, son variantes pequenas, aprox-
imadamente el 10% son VE. Se han asociado distintos tipos de VE a la deficiencia de AT,
incluidas duplicaciones, deleciones e inserciones de elementos transponibles (ET), por lo que
las VE son relevantes para el estudio de esta enfermedad. La complejidad de estas VE y las
limitaciones de las tecnologias de secuenciacion tradicionales indican la necesidad de nuevos

enfoques bioinformaticos.

Objetivos

Los objetivos principales de esta tesis se formularon para abordar las lagunas existentes en la

caracterizacion de VE mediante secuenciacién por nanoporos y para desarrollar metodologias
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bioinformaticas robustas y reutilizables. Estos objetivos, que surgen del estudio de deficiencia

de AT y se extienden al analisis gendmico, se detallan a continuacion:

o OB1: Examinar la eficacia de la secuenciacion por nanoporos para la deteccion de VE

grandes.

— OB1.1: Comparar la llamada de variantes con nanoporos y la detecciéon de variantes

de ntimero de copias (CNV) con aCGH (hibridacién genémica comparada en array).

— O0B1.2: Desarrollar métodos para examinar los datos de secuenciacion y refinar los

resultados de nanoporos, si es necesario.

« OB2: Estudiar la diversidad de inserciones de elementos transponibles (ET) en el genoma

humano.

— OB2.1: Crear y calibrar un flujo de trabajo adaptado para detectar inserciones de
ET.

— 0B2.2: Estudiar el impacto genético de las inserciones de ET, identificando qué
genes son afectados y si ocurren en secuencias codificantes, intronicas, promotores,

u otras.

— 0B2.3: Estudiar el impacto funcional de las inserciones de ET, realizando analisis de

enriquecimiento para determinar los procesos bioldgicos que podrian verse afectado.

« OB3: Estudiar la diversidad de deleciones de elementos transponibles (ET) en el genoma
humano. Realizar un analisis analogo al de las inserciones de ET, pero centrado en las
deleciones que corresponden a secuencias de ET presentes en el genoma de referencia,

pero ausentes en las muestras de estudio.

o OB4: Generar herramientas reproducibles y reutilizables para la comunidad cientifica.

Metodologia

La metodologia empleada en esta tesis sigue un flujo de trabajo bioinformatico estandar para
el descubrimiento de variantes, que incluye el alineamiento de lecturas, la llamada de vari-
antes y analisis posteriores especificos segtin el proposito de cada estudio. Se ha prestado
especial atencion a la evaluacion comparativa de las herramientas existentes y al desarrollo
de software propio para abordar las limitaciones identificadas. Como referencia se han usado
conjuntos de datos producidos por el Human Genome Structural Variant Consorcium (HGSV).
Los alineadores empleados a lo largo de la tesis han sido NGMLR, Ira y minimap2, que ha
sido el seleccionado. Para detectar variantes, se ha usado NanoVar, CuteSV, SVIM, Sniffles
y Sniffles2. Para unir los resultados de estos programas se ha empleado SURVIVOR vy, para

calcular la profundidad de cobertura, mosdepth. Para procesos especificos de cada estudio se
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ha recurrido a herramientas como Repeat Masker, para detectar secuencias de ET; librerias
especializadas de R y python, como annotatR para anotacién gendmica, ClusterProfiler para
andlisis de enriquecimiento, o pysam para acceder y manipular ficheros; y programas propios

implementados en R y Python.

Resultados y publicaciones

Articulo 1: Mejora de la detecciéon de grandes variantes de niimero de copias

mediante secuenciacion de genoma completo por nanoporos

Este articulo (Capitulo 4) aborda el objetivo OB1, centrandose en la eficacia de la secuenciacion
por nanoporos para detectar CNVs grandes (mayores de 50 kb), puesto que la literatura indica
que es una deficiencia en los programas existentes. Se comparé el rendimiento de diferentes
combinaciones de alineadores y programas de llamada de variantes utilizando datos de pacientes
con deficiencia de AT y un conjunto de datos publicas estandarizados usados como referencia.
Se observé que, para CNVs grandes, el software existente mostraba un rendimiento inferior
en términos de sensibilidad y especificidad en comparacion con variantes mas pequenas. Las
combinaciones de Sniffles y NGMLR mostraron los mejores resultados, aunque la sensibilidad
para CNVs grandes seguia siendo baja. Ademas, se identific6 un niimero considerable de falsos
positivos, incluyendo deleciones que afectaban fracciones significativas de cromosomas enteros,

lo que indicaba la necesidad de un refinamiento.

Para abordar estas limitaciones (OB1.2), se desarroll6 un método personalizado, implementado
en la herramienta disCoverage, que utiliza el andlisis estadistico del valor de cobertura de
secuenciacion en las regiones afectadas por las presuntas VE. Este enfoque permitié pulir los
resultados de los programas de llamada de variantes, mejorando la especificidad hasta en un
62% y la sensibilidad en un 15%. DisCoverage presenta la limitacién de que no es un programa
de llamada de variantes, sino una herramienta de filtrado que valida los resultados de detectores
de variantes y elimina resultados erréneos, pero no puede generar nuevos conjuntos de datos.
La herramienta fue empaquetada como un paquete conda, relacionado con el objetivo OB4 de

generar herramientas reproducibles y reutilizables.

Articulo 2: Deteccion y anotacion de inserciones y deleciones de elementos

transponibles en el genoma humano mediante secuenciacién por nanoporos

Este articulo (Capitulo 5) aborda los objetivos OB2 y OB3, mediante la investigacién de la
diversidad de inserciones y deleciones de ET en el genoma humano. Se analizaron los genomas
de 24 pacientes con deficiencia de AT utilizando secuenciacion por nanoporos. Se identificaron
7.344 inserciones de ET y 3.056 deleciones de ET, de las cuales 2.926 no habian sido descritas

previamente en bases de datos ptuiblicas. Para cumplir con el subobjetivo OB2.1 (creacién de
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un flujo de trabajo para detectar inserciones de ET), se seleccionaron programas de llamada
de variantes basandose en su sensibilidad para inserciones y se desarrollaron programas propios
para reensamblar secuencias insertadas a partir de lecturas. Se estudié la distribucion de
las inserciones de ET a lo largo de los cromosomas, encontrando regiones enriquecidas. La

comparacion con otras cohortes reveld la novedad de muchas de las inserciones reportadas.

En cuanto al impacto genético (OB2.2), se encontrd que casi 4.000 genes contenian al menos una
insercién de ET, la mayoria en intrones (incluyendo una insercién patogénica en SERPINCT),
y seis inserciones en exones. El andlisis de enriquecimiento funcional (OB2.3) de los genes
afectados reveld una fuerte relaciéon con funciones neuronales y el autismo, lo que concuerda
con estudios previos que vinculan los polimorfismos de ET con el autismo. Un proceso andlogo
de deteccion y anotacion génica se realizo para las deleciones de ET, identificando aproximada-
mente 3.000 polimorfismos de ET presentes en el genoma de referencia, pero no universalmente

en la cohorte.

Articulo 3: Analisis avanzado de la variacion de retrotransposones en el

genoma humano con secuenciaciéon por nanoporos utilizando RetroIlnspector

El tercer articulo (Capitulo 6) refina y extiende la metodologia del segundo, con un enfoque
en el objetivo OB4: la creacion de una herramienta reproducible y facil de usar. Se presenta
Retrolnspector, un pipeline configurable basado en Snakemake que automatiza la deteccion,

anotacion, enriquecimiento y genotipado de variantes de ET.

Retrolnspector mejora la metodologia previa al incluir Sniffles2, una versién actualizada y més
precisa de Sniffles. Se comparé el rendimiento de Retrolnspector con otras herramientas como
PALMER y GraffiTE, demostrando ser mas rapido y preciso, ademas de ofrecer funcionalidades
adicionales como la anotaciéon génica y el andlisis de enriquecimiento. Retrolnspector también
permite la comparacion de resultados entre dos muestras y la opciéon de omitir el proceso de
anotacién y enriquecimiento para genomas de referencia que carecen de esta informacion. Esta
herramienta representa una contribucion significativa a la comunidad cientifica al proporcionar

un flujo de trabajo robusto y accesible para el analisis de la variaciéon de retrotransposones.

Discusion y conclusiones

Esta tesis doctoral ha abordado la deteccion y el andlisis de diversas variantes estructurales
en el contexto del diagnodstico molecular, con especial énfasis en la deficiencia de antitrombina,
utilizando datos de secuenciacion por nanoporos. Los trabajos presentados muestran las for-
talezas y debilidades de esta tecnologia y describen su potencial para caracterizar esta fuente
previamente inexplorada de diversidad genética. El primer articulo revel6 las limitaciones del
software existente para la deteccion de CNVs grandes y propuso una soluciéon para refinar los

resultados, mejorando la especificidad y la sensibilidad. Esto subraya la necesidad de métodos
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complementarios y la importancia de la validacién de las llamadas de variantes, especialmente

en aplicaciones clinicas.

El segundo articulo demostro6 la capacidad de la secuenciacién por nanoporos para un analisis
exhaustivo de las inserciones y deleciones de ET a nivel genémico. La identificacion de miles
de variantes de ET, muchas de ellas novedosas, y la exploraciéon de su impacto genético y
funcional, abren nuevas vias para comprender su papel en la salud y la enfermedad, incluyendo

su conexion con trastornos como el autismo.

Finalmente, el tercer articulo culminé en el desarrollo de Retrolnspector, una herramienta bioin-
formatica integral que empaqueta las metodologias desarrolladas en un formato reproducible
y reutilizable. Este pipeline facilita el andlisis de la variacién de retrotransposones para la

comunidad cientifica, alineandose con los principios de la ciencia abierta.
En conjunto, esta tesis ha contribuido al campo de la bioinformatica al:
o Evaluar y mejorar la deteccion de grandes CNVs con secuenciacién por nanoporos.

o Proporcionar un analisis detallado de las inserciones y deleciones de ET en el genoma

humano.

o Desarrollar herramientas bioinformaticas de cédigo abierto que son reproducibles y reuti-

lizables, facilitando la investigacion futura.

Trabajo futuro

Los temas abordados en esta tesis son de gran interés actual en las comunidades de secuenciacion
por nanoporos y diagnéstico molecular. Sin embargo, no esta completo. A partir del trabajo

aqui presentado se proponen varias lineas para continuarlo.

En el ambito de las CNVs, la continua evolucion de las herramientas de deteccién sugiere
la necesidad de una reevaluacion peridédica del estado del arte. Seria valioso comparar el
rendimiento de las herramientas actuales, incluyendo Spectre (adoptada por ONT para la de-
teccion de CN'Vs por andlisis de cobertura), con tecnologias como el mapeo 6ptico del genoma
(OGM) de Bionano, una tecnologia de alta precisién y mayor recall que el array de hibridacién
comparativa usado en este trabajo, para identificar las limitaciones persistentes y desarrollar

herramientas sucesoras o mejoras para disCoverage.

En relacién con los ETSs, los esfuerzos actuales para clasificar la diversidad genética humana
podrian beneficiarse enormemente de la aplicacion de Retrolnspector para crear una base de
datos exhaustiva de inserciones y deleciones de ET. La integracion de datos de diversas cohortes,
mas alla del Proyecto 1000 Genomas, permitiria construir un catalogo robusto de variantes de
ET. Con un catalogo asi, seria posible avanzar hacia la creacion de un pangenoma que no

solo represente las variantes conocidas, sino que también incorpore las frecuencias alélicas y las
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anotaciones clinicas. Ademas del interés clinico del catalogo de varaintes de TE, se podria usar
para crear una aproximacion a un pangenoma humano centrado en estas variantes, lo que es de
gran interés, por considerarse la adopciéon del andlisis basado en pangenomas la siguiente etapa

de la bioinformatica genémica.
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Introduction and State of the Art

Structural variants (SVs) are defined as DNA rearrangements that are larger than 50 base pairs
(bp)!. SVs are classified into different classes depending on how they alter DNA sequences.
First, there are deletions, which are losses of genetic material. Second, duplications, which
are uninterrupted sequences of DNA that appear repeated across the genome. They are also
referred to as segmental duplications to differentiate them from whole genome duplications?,
rare evolutionary events in which the entire genome is doubled®. Duplications may be inter-
spersed, if the duplicated material is separated by another sequence, or tandem, in case the new
sequence is juxtaposed to the original one. Third, inversions are mutations in which a region
changes its orientation. Fourth, translocations, which occur when a fragment of a chromosome
changes its position on the same chromosome or moves to a different one. Fifth, insertions of
novel sequences. Last, SVs that are a combination of any of the former are called complex SVs?.
The first two types can also be referred to as copy number variants (CNVs) in polymorphic
regions, in which a repetitive sequence appears in different numbers in different individuals®.

However, this is reserved for SVs with a length of at least ten kilobases®.

Another factor in SV grouping is whether they affect the total amount of genetic mate-
rial. Unbalanced SVs (deletions, duplications, insertions, and interchromosomal translocations)
result in a change in genetic material, while balanced ones (intrachromosomal translocations
and inversions) do not. Deletions result in a net loss of material; duplications and insertions, in
a net gain; while translocations between chromosomes cause a loss of DNA in the donor, which

is subsequently gained by the receptor?.

As with any genetic variation, SVs are defined with a reference sequence’. This implies
that they are relative to that reference; for example, if sequence A has a deletion when using
sequence B as the reference, sequence B will have an insertion (or a duplication) when using A

as reference.

Unlike shorter variants, such as single nucleotide variants (SN'Vs) and short insertions
and deletions (indels), SV detection poses many challenges, so the current gold standard for
sequencing, Illumina’s Next Generation Sequencing (NGS), has severe limitations. However,

despite its shortcomings, it has been used to detect CNVs®, insertions®, or all types of SVs
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10-12 " The limitations

of the same type®, but it has limitations that other methods can solve
are both quantitative and qualitative: short reads are not enough to detect most SVs (>70%),
particularly those smaller than 2 kb, with atypical GC content!?, or those that occur within

repetitive sequences'?.

The difficulty in SV detection arises mainly due to their larger size, which cannot be
encompassed within I[llumina reads. Additionally, their diversity renders non-sequencing tech-

nologies unable to detect all types of variants, or to locate their coordinates accurately!2.

There are also techniques that are not based on sequencing that are used to detect SVs,
usually when short variants are not found with NGS'. These methods can be either specific
to a variant or groups of variants, or genome-wide. Most of the specific methods are based
on polymerase chain reaction (PCR) amplification. First, long-range PCR uses a high-fidelity,
highly processive polymerase, i.e., one that introduces few to no errors during amplification
and yields long products. This polymerase produces an amplified sequence in the order of
kilobases that can be sequenced!?. Second, real-time quantitative PCR (qPCR) uses cases
and a control or standard curve for comparison, allowing to find the number of copies of a
sequence that the cases carry!®. Third, MLPA (Multiple Ligning Probe Amplification) uses
several labeled probes to target more than one sequence, and the product is compared with
a control to quantify the copies of the sequence of interest. Fourth and last, fluorescence in
situ hybridization (FISH), which does not depend on PCR, employs DNA probes with labels
designed for specific targets. The presence of the target sequence is confirmed by observing
fluorescence from the corresponding label. It was designed for very large defects (1-3 Mb),
although its resolution is better if applied to the cell nucleus during the interphase (50 kb
to 2 Mb). A variant of FISH, fiber-FISH, is applied to chromosome fibers that have been
mechanically stretched, allowing to study smaller variants (5-500 kb). FISH, in addition to

CNVs, can also detect translocations'® and large inversions!S.

Non-specific, genome-wide probes are not limited to a single region per experiment. First,
FISH can be made non-specific by using different labels, resulting in multicolored FISH'?.
Second, karyotyping Giemsa-banded chromosomes can detect chromosomal defects, such as
aneuploidies or large rearrangements'”. Third, comparative genome hybridization (CGH), also
employs fluorescent probes to quantify copies of a sequence against a control. It was integrated
into microarrays to analyze the whole genome in a single experiment as array CGH (aCGH)'8.
Fourth, and last, optical genome mapping (OGM) consists in labeling the motif “CTTAAG”.
The labeled molecules hybridize in an array, where changes in labeling patterns and spacing

are analyzed to detect CNVs, insertions, and translocations?.

In the 2010s, two early long-read sequencing technologies, Pacific Biosciences’single-
molecule real-time sequencing (SMRT) and Oxford Nanopore Technologies (ONT) nanopore
sequencing, were announced and released, which, among other capabilities, allowed for a better

characterization of SVs at the genomic level?®. Throughout that decade and beyond, companies
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that owned these technologies and independent research groups would continually introduce im-
provements in equipment and analysis software?!. These technologies, the third generation of
sequencing, are discussed in more detail in Section 1.2.1, and the application of sequencing and
the use of variant knowledge is explored in the following sections, with particular attention to

existing software (Sections 1.4)..

LRS allows to report SVs with single-base precision genome-wide and, since it is a sequenc-

ing method, it reports the modified sequencing, which is useful for allele-specific studies??23,

24,25

better discovery of polymorphic variants>°, or examination of the sequence of the variant, in

the case of transposable elements!®.

This thesis studies the current situation with regard to the discovery and characterization
of SVs using nanopore sequencing. Focus will be on covering aspects pertaining to different
types of SV, as well as on the importance of producing reusable software for reproducible

experiments.

1.1  Motivation

SVs are of great clinical and scientific interest. Currently, both international'*?% and na-
tional?” 3% studies have been conducted to catalog the genetic diversity caused by SVs in the

human genome. There is also interest in the study of SVs in other species332,

The most extreme case of SV is aneuploidy, in which a complete chromosome is present in
a number different from two. Their study has been possible with karyotyping techniques since
their discovery in 1956. It allowed to connect, for example, Down syndrome and the trisomy

933

of chromosome 21 in 1959°°. Other diseases have also been associated with large SVs, such as

deletions or duplications causing Prader-Willi, Angelman, Williams, and Charcot-Marie-Tooth

syndromes*.

In addition to these rare examples, SVs are an important source of genetic variation
between genomes. A human genome carries on average 3.3 million SNVs and 492 000 indels®,
and these figures have been revised to be actually larger: 4 to 5 million and 700 000-800 000,
respectively®.  On the other hand, the amount of SVs is smaller: 23000-28000%¢. These
numbers have been validated by later work!!. Despite this, the smaller categoriesare responsible
for the length of the variation equivalent to 0. 147% of the genome, whereas the SVs do so for
0.397%, and represent the largest fraction of the difference between two given genomes; that

is, despite being smaller, they are responsible for a larger fraction of genetic diversity?3¢.

Due to their size, their effect on gene function is often more deleterious than shorter vari-

ants and, therefore, they are less frequent on genes®”. For this greater impact, SVs have been

7838 9

linked to many multifactorial diseases, such as Parkinson’s, Chron’s®®, autism3’, or susceptibil-

ity to AIDS*.



4 CHAPTER 1. INTRODUCTION AND STATE OF THE ART

All the previous information concerning SVs describes germline mutations, the ones that
are inherited and affect all cells in an organism. If we shift our focus to somatic mutations (those
that appear during the life of an individual and are present only in some cells), SVs are also
relevant. For example, more than half of all cancer driver mutations are SVs*'. Cancer inducing
SVs seem to act by either altering the 3D structure of the genome, altering the regulation of

genes*?, or by either adding or deleting entire copies of a gene??.

The disease most relevant to this work is inherited antithrombin (AT) deficiency, which
increases the risk of suffering thrombosis (clot formations within blood vessels)'®4. AT defi-
ciency is the first form of thrombophilia (a state of the blood prone to excessive coagulation or
thrombosis®®) known to be inherited, discovered when studying the hereditary predisposition to
venous thromboembolism. Inherited AT deficiency is relatively rare, with a prevalence reported
as high as 1 out of 500 people and as low as 1 out of 5000 people®®. Despite these figures dating
from the 1990 and 1987, respectively, there is no updated, and they are what the literature

currently mentions*’.

Antithrombin is a protein encoded by the gene SERPINC1. Its main biological function
is to stop blood coagulation. It does this by efficiently inhibiting the actions of procoagulant
serine proteases by a suicide mechanism common to all serin protease inhibitors (SERPIN)
superfamily, mainly FXa and thrombin, which are the last effectors in coagulation.'>. AT
has two functional domains; a heparin binding site, and a reactive center. The first binds to
glycosaminoglycanes such as heparin, which activates AT by inducing a conformational change
that increases its affinity for thrombin by 1000 times. The second domain binds to thrombin,
or any other target protease, as a pseudosubstrate, preventing further activity from the bound

thrombin molecule®’.

In addition to its origin, AT deficiency can be classified into two types. Type I has
a quantitative effect, meaning that there is less AT circulating in the blood. Type II, on the
other hand, has a qualitative impact, which means that there is a normal concentration of AT in
the blood, but part of it is not functional. Type II deficiencies can be subclassified according to
the functional defect; type II heparin binding site (HBS), reactive site (RS) or pleiotropic (PE)
if it has affected both functions*®, which is indeed the result of a conformational transition to
a noninhibitory conformation with low heparin affinity (latent)*?. Finally, congenital disorders
of glycosylation may also cause AT deficiency, supporting the key role of glycosylation for this

anticoagulant®.

Although most of the currently known pathogenic SERPINC1 mutations are small vari-
ants, approximately 10% are SVs, ranging from 193 bp to 8 Mb, including duplications, dele-
tions, and TE insertions. Pathological variants can remain undetected using the previously de-
scribed methods. However, previous work by our research group has identified novel pathogenic
SVs that cause AT deficiency using nanopore sequencing, which has enabled the molecular di-

agnosis of several patients. Nanopore sequencing has single-base resolution and is not limited
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to specific regions selected by probes, so it can, for example, uncover SVs within introns®°2.

However, current methods have gaps that need to be addressed, such as false positives®® or

_ Furthermore, SVs have complex boundaries with small breakpoint and length

deviations, making them difficult to characterize®.

negatives

Currently, half of patients with a suspected mendelian disease have no molecular diag-
nosis®®, and in some cases have had to wait more than 50 years to get one, going through the
so-called “diagnostic odysseys”, which can end with LRS?. LRS is unique for clinical applica-
tions because, at least in theory, a single sequencing experiment could replace all the genetic
tests currently performed®. However, concerns about accuracy limit its adoption, although

there are ongoing clinical studies for its adoption in medical centers®®.

With this information, it is clear that there is a need to explore the current state of
nanopore sequencing for detecting SVs, particularly pathogenic ones. This thesis aims to present
new methods that improve the results of existing ones, as well as novel analysis that can shed

new light on the features of SVs and how to study them.

1.2 Evolution of sequencing methods

Genomic sequencing is a valuable tool for biological research. Sequence analysis is responsible
for the development of several bioinformatic fields. The relevance of its applications has gone
beyond the scientific or clinical communities, gaining general social interest, as shown with the
human genome. This has resulted in continuous use, which in turn has shown each genera-
tion’s limitations, and new methods have been developed with either technical or monetary

advantages.

The sequencing of the human genome was one of the most widely publicized scientific
advances at the turn of the century. Built from a decade of international collaboration, with
competition from a private enterprise, after the complete genomes from several model organ-
isms. The release of the human genome draft was publicly announced on the same date by the
US president and British prime minister at the time. Today, sequencing a human genome can

be performed in a few hours, with a cost approaching or below a thousand dollars!:59.

The first method for sequencing DNA, chain-termination sequencing, was invented by
Sanger and collaborators in the mid-1970s. Its molecular principle is the separation of DNA
molecules by length with single-base resolution using polyacrylamide gel electrophoresis. This
method was used to sequence whole genomes, including the human one, but is nowadays mostly

used to sequence small DNA molecules®.

In 2006, about 30 years later, a new sequencing method was presented by a company
now assimilated by Illumina. This next-generation sequencing (NGS) created millions of small

molecules that could be sequenced in parallel, yielding more dataS'. Although other NGS
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methods were created, such as Roche’s 454 pyrosequencing and IonTorrent®?, Illumina’s method
remains the most versatile and widely used, although new NGS technologies are still being

developed®!.

Although NGS was an advancement in sequencing, its main limitation was the length of
produced reads, which do not exceed 300 bases. Even in this limited range, the read length
matters. For example, software for SNV discovery has a false positive rate when using 150 bp
reads lower than when using 125 bp reads, apparently because longer reads result in alignments

with fewer reads aligned to multiple locations®?.

The use of Sanger and NGS allowed for two great breakthroughs in genomics: the assembly
of the first draft of the human genome and the sequencing of any individual human genome at
an economic cost of less than USD 1000 (United States dollars).

The assembly of the human genome was achieved by the Human Genome Project (HGP),
an international consortium that despite its name aimed to map the human and mouse genomes,
as well as other model organisms with smaller and less complex genomes®. The International
Human Genome Sequencing Consortium (IHGSC) was created as a consortium between 20
research centers from six countries®. They published a first draft in 2001%°, in parallel with a
private enterprise®®. A few years later, the HGP would release a more complete version of the
human genome, addressing the limitations of both 2001 releases®. This showcases one of the
issues of studying repetitive sequences, such as TEs: it is difficult to pinpoint the location of a

sequence similar to many others in the same genome.

The cost of sequencing a single genome is also a relevant factor. The HGP was a re-
source intensive project, requiring more than ten years for 90% of the genome, and about three
for an additional 9%, and had an approximate cost of USD 3 billion (not adjusted for infla-
tion)%7. Before its arrival, Applied Biosystems had had the monopoly on automated Sanger
sequencing®, which costed USD 2400 per megabase®, which amounts to approximately USD 10
million per genome (the human genome is approximately 3 Gb long). The release of NGS, a
high-throughput method more appropriate for larger-scale projects technology, lowered costs
considerably, in a manner that was nowhere near the previous biannual halving. Roche’s py-
rosequencing lowered the cost 240-fold, to USD 10 per megabase. The SOLiD platform would
reduce the price by another two orders of magnitude to USD 0.13, and Illumina’s technology
would be the cheapest at USD 0.07. All NGS technologies self-report a per-base accuracy of at

least 99.99%98.69.

Regardless of the possibly hidden costs of the “USD 100000 analysis”, accounting for
infraestructure and labour™, sequencing became 1000 times cheaper in 5 years, which made it
possible for many more laboratories to adopt it. With more high-throughput data available,
identifying variability and correlating it with traits, including clinical ones, reached a new

scale™. Despite its near-perfect single base accuracy, the short reads of NGS could not detect
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SVs as easily as SNVs!2.

1.2.1. Third generation sequencing

To improve this, two third-generation methods were introduced in the last decade: Pacific

Biosciences” SMRT and ONT’s nanopore sequencing?’.

Single-Molecule Real-Time (SMRT) sequencing, developed by Pacific Biosciences, pro-
duces long reads (approximately 150 kb long, which actually contain repetitions of a 5-60kb
insert). It relies on a DNA polymerase that amplifies the product, as previous technologies!?.
Its workflow begins with the formation of SMRTbell templates through the circularization
of double-stranded DNA fragments (Fig. 1.1). These templates are subsequently introduced
into zero-mode waveguides (ZMWs), which are nanoscale reaction chambers integrated onto
an SMRT Cell. Within each ZMW, a DNA polymerase incorporates nucleotides with fluo-
rescent labels. The resulting fluorescence emissions for each added nucleotide are detected in
real time, generating continuous long reads (CLRs). The circular template structure facilitates
multiple passes of the polymerase over the same DNA molecule, enabling the generation of
high-accuracy consensus sequences, which may be circular consensus sequences (CCS), or reads
of insert (ROI). They are different in that CCSs require two full passes of the insert, while
ROIs may be generated from even a partial pass, although they may be used interchangeably

omitting this difference™.

Despite using DNA polymerization for sequencing, library preparation for SMRT does not
require amplification, which removes amplification bias as a source of distortion. Furthermore,
the technology permits the detection of epigenetic modifications by analyzing the interpulse
duration (IPD), which reflects the polymerase kinetics during nucleotide incorporation. This is
possible due to DNA polymerases holding several nucleotides at the same time, and epigenetic
changes present in one of them can alter the incorporation rate of the surrounding ones.”™. Each
modification has a different effect that needs to be characterized individually, and patterns for

known events may also be detected™.

The raw, continuous reads generated by SMRT have a high error rate (85-92% vs. 99.9%'?),
particularly in sequences containing homopolymers and repetitions of the same base. Creating
CCSs with computational methods alleviates this problem, which allowed PacBio technology
to be the first technology that offered reads that were both long (over 10 kb) and accurate (over
99% accuracy). However, this came at the cost of using shorter inserts, which allow for more
passes, but result in shorter reads overall'?>. This is an acceptable exchange, and while contin-

uous long reads were the standard in 2020'2, consensus reads are now the prevalent datatype
for SMRT"2.

The distinctive characteristics of SMRT reads require specialized bioinformatics tools for

downstream analysis, encompassing alignment and assembly procedures. First efforts included
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Figure 1.1. Molecular mechanism of SMRT sequencing. A) Initial double-strand DNA to sequence. B)
Single strand hairpin adapters are added to circularize the DNA. C) The library of circularized DNA
is loaded onto chambers with a DNA polymerase at the bottom (some chambers may not contain a
polymerase). D) The polymerase adds fluoresecently labelled nucleotides. The emitted fluorescence is
recorded. Both the fluorescence color and duration between each added nucleotide (interpulse duration,
IPD) are registered. E) If the polymerase encounters an epigenetically modified base, the IPD changes.
F-H) On the left, a small insert in sequenced with multiple passes, each conataining errors, which can
be assembled into a circular consensus sequence (CCS) with high accuracy. On the right, a larger
insert is sequenced with single passes. After sequencing, overlapping reads can be assembled into
consensus sequences to reduce error rates’>. Reproduced from Ardui et al.”®, which was published
under the terms of the Creative Commons Attribution License, which allows non-commercial use with
attribution (http://creativecommons.org/licenses/by-nc/4.0/).

adapting existing algorithms for alignment (such as BWA, Burrow-Wheeler alignment), which
were first developed for short reads and did not perform well with much longer reads; addition-
ally, they were not prepared to handle low accuracy reads’™, which were used for SNV discovery
with tools for short reads™. Nowadays, there is much software designed for long read analysis
compatible with both SMRT and ONT data, as discussed later in this thesis.

The other long-read technology is ONT’s nanopore sequencing, which is the main se-

quencing technology used in the work that led to this dissertation. With nanopore sequencing,


http://creativecommons.org/licenses/by-nc/4.0/

1.2. EVOLUTION OF SEQUENCING METHODS 9

a dual-stranded DNA molecule is linked to sequencing adapters, which are bound to a motor
protein. Then, it is mixed with tethering proteins and loaded onto a flow cell that contains
thousands of protein nanopores (which give the technique its name) placed into a synthetic
membrane (Fig. 1.2). The tethering proteins lead the DNA to the pores, where the adapters
enter the nanopore, after which the motor protein starts unwinding the DNA helix. The ap-
plication of an electric current helps the motor protein move the DNA, which has a negative
charge, through the pore. When DNA goes through the pore, it disrupts the current, with
different groups of nucleotides presenting characteristic patterns'?. Although this is the de-
scription for DNA sequencing, the same process is true for RNA sequencing, which can be

sequenced directly by nanopores, while NGS and SMRT require DNA to be produced from it?!.

/ QDNA
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Figure 1.2. Molecular mechanism of nanopore sequencing. The nanopore protein (yellow) goes through
a membrane. An electric current is applied to the membrane. DNA, which is charged negatively,
moves from the cis side of the membrane, positively charged, to the trans side, negative charged,
aided by a motor protein. The motor protein ensures less variation in the speed at which the DNA
goes trhough the nanopore and uncoils dual-strand DNA into single-strand DNA. Charged ions (Cl
and KT, in this case) also move through the nanopore according to the charge?''"". Note that the
membrane used in ONT devices is not a lipid bilayer, but an electrically resistant polymer, and ions
are not necessarily the ones shown here?'. Reproduced with modifications from Nova et al.””, which
was published under the terms of the Creative Commons Attribution License, which allows use with
attribution (https://creativecommons.org/licenses/by/4.0/).

Despite reaching commercialization in the last decade, nanopore sequencing appeared in
the 1980s, when it was discovered that certain bacterial membrane proteins could be used to
detect variations in an ionic current when the channel was blocked by a nucleotide chain?!.
During decades, efforts have focused on characterizing nucleotide chains to differentiate them
apart’®™. The first protein used as a nanopore membrane for DNA sequencing was an engi-
neered o-Hemolysin originated from Staphylococcus aureus, although it was not able to resolve
complex sequences. Later, similar performance would be achieved with porin A from Mycobac-
terium smegmati. However, it would not be possible to discriminate individual nucleotides in a

sequence until the incorporation of a processive enzyme (i.e., an enzyme that catalyzes several
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reactions consecutively without releasing its substrate®, which in this case would be the nu-
cleic acid) that would both reduce the speed at which DNA passed through the nanopore and
make it more uniform. The protein used in this manner that produced the best results was
the DNA polymerase of the bacteriophage $29. Changes in translocation speed add noise that
hinders nucleotide identification, which limited the technology until the issue was reduced. This
was achieved in 2012, when ONT announced the first nanopore sequencing device. The first
nanopore sequencers would become commercially available in 2015, after having been released
to early users in 2014. Although other nanopore sequencing technologies have been developed,
ONT’s products remain the most widely used in research?!. Although alleviated, the tech-
nology’s two main obstacles (non-constant speed, and multiple nucleotides contributing to the
same signal) persisted®, which result in low accuracy (87%-98%, from a work that reports
87%-92% for PacBio, and >99% for PacBio HiFi). However, the most recent chemistry toolkits
produce reads with accuracy of 99%%2.. In exchange, it can produce longer reads (10-100 kb),
and over 100 kb with a particular protocol for ultra-long reads, which can reach megabase
length, although in both applications the longest reads are outliers'?. The aforementioned
ultralong reads have enable genome assembly and variant phasing!!. As discussed in Section
1.3.2, evaluating the performance of variant detection with such data is complex, and the lit-
erature uses several criteria to present results. The performance of nanopore sequencing is of

29,54

particular interest in clinical applications*’°*, as these applications also need to face limitations

that arise in practical cases®.

ONT sequencers combine a flow cell and a sequencer. The flow cell determines the number
of channels available. Fach channel can be measured individually and its current inverted if
necessary, for example, to remove the molecule that is being sequenced®®. A single channel
is connected to four wells, structures that contain the nanopores (one well contains zero or
more nanopores, ideally one). Before sequencing starts, pore activity is checked, and wells are
ranked and sorted into four groups. In this manner, only a quarter of the wells are available
at a time, and each channel communicates only to one well, switching groups every 24 fours of

sequencing®.

There are three types of flow cells, functionally differentiated by the number of channels
(a higher number of pores available results in higher DNA yield, which ensures higher depth
coverage), indicated by distinct shapes and sizes. The MinlON cells hold 512 channels (2048
wells), PromethION cells contain 3000 channels (12000 wells), and Flongle cells contain 126

channels®®.

The sequencing machine determines the type of flow cell employed and how many are
accepted at a single time. The first device launched was the MinlON, which accepts one
MinION cell at a time. A second device is the Flongle adapter, which can be connected to a
MinION sequencer to use Flongle cells. It produces fewer reads, but it is suitable for small and

rapid applications, such as viral diagnoses®®. Third, PromethION devices use their respective
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flow cells and are fit for uses that require higher DNA yield, since they can accept 24 or 48 flow

cells simultaneously®”.

Other models balance the yield of individual cells with that of the machine. For example,
GridION X5 can accept five MinION cells at the same time, for applications where MinION
depth coverage is acceptable, but a large number of sequencing experiments are still needed®®.
On the other hand, P2 is a smaller PromethION that accepts up to two flow cells, allowing
applications that produce more DNA in individual runs, but do not need 24 simultaneous

I'llIl887 .

1.3  Applications of sequencing methods

The sequencing chain of nucleic acids has an economic cost and has required the development of
more than a dozen different technologies, each trying to solve the issues present in the previous
ones, as has been discussed above. In this section, we will review the applications of sequencing

that motivate these efforts.

1.3.1. Assembly of genomes

With LRS, it is possible to assembly a genome from a single sequencing experiment, generating
assemblies that span more than 90% of the current reference, although methods still struggle

to resolve repetitive sequences, with >97% of assemblies ending in such sequences!!.

Read length facilitates enormously genome assembly, to the point that Sanger reads with
depth coverage in the range of 10-20X yield better results than the shorter Illumina reads
at 100X. However, Sanger sequencing is more expensive, even in these coverage ranges, than

high-throughput Illumina technology®’.

A measure of completeness of an assembly can be obtained by sequencing mRNA from
different tissues to generate a catalog of genes whose presence can be checked in the assembled

genome?®9t,

More efficient bioinformatic methods have allowed genomes larger than the human genome
to be assembled®’. Such advances include the efficient creation of string graphs??, detailed in
1.4.3, part of the next section. An example of such larger genome is the axolotl’s, spanning
32 Gb (more than 10 times the size of the human genome), 18.6 of which are repetitive sequences
(65.6%).

In this manner, the use of a reference sequence has determined the design of experiments
and bioinformatic tools”. However, this approach may have limitations. First, most references
are derived from a single or a few individuals. This is the case with the Neanderthal Genome,
although for that particular case DNA is very difficult to find, since they disappeared approxi-
mately 30000 years ago, so the use of only three individuals®® is justified. On the other hand,
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the human reference originates from only 20 samples, although 70% of it derives from a single

donor and does not represent a species-wide consensus, but more closely resembles an individual

genome®. The T2T assembly was produced from a cell line derived from a complete hyda-

tidiform mole (CHM), which has a completely homozygous genome® (a CHM is a tumor that
originates from an ovum without nucleus by a sperm cell, with post-fecundation duplication
of the genetic material, resulting in a homozygous genome®). As a result of using a reference
genome, any sequenced DNA will have differences and similarities with the reference genome.

t%7 and overrepresents

reference alleles in high diversity regions, as has been observed with the HLA locus®.

This creates a bias in alignment that penalizes variants during alignmen

The proposed approach to solve this situation is the use of pangenome graphs, in which
the genome is represented as a graph that can describe the diversity of the species or population.
In such a graph, the nodes are sequences connected by edges. Following a path of edges and
joining the visited sequences results in the full haplotype of a chromosome’. Several human
pangenomes have already been built, usually reported notable amounts of genomic sequences
not present in the reference, including protein-coding genes. In 2019, one was released from
285 sequencing experiments and 90 previously assembled genomes from Han Chinese samples,
reporting nearly 30 Mb of newly discovered genomic sequences and almost 200 protein-coding
genes. The project used NGS, which resulted in very short contigs, in the order of kilobases".
Pangenomes are also of interest for studying other species; for example, the Bovine Pangenome
Consortium aims to create a graph genome that includes both different breeds of cattle and

other bovine species!®.

1.3.2. Detection of variants

The knowledge of genetic variation has multiple applications. It can be used in studies of
populations and demographic history, molecular mechanisms of variant genesis, and clinical
impact of variants?®. In other species, genetic variety can be useful in creating more productive

breeds of crops or cattle!?!.

The origin of CNVs has been linked to different factors, according to the size of the
CNV. The smaller ones appear near VNTR (variable number of tandem repeats) and dispersed
duplications, while the larger ones appear near NAHR (non-allelic homologous recombination)

that occurs during meiosis!®?.

Large deletions, which can span multiple genes, have been linked to different diseases.
The deletion of two adjacent genes, LCESB and LCESC, is correlated with psoriasis, an in-
flammatory skin disease that affects 2-3% of Caucasian people. This implies either a factor that
requires a specific allele of HLA (human leukocyte antigens, a cluster of highly variable genes
related to the immune system) or by multiplying the effects of other mutations'®. Another
case is the FCGR3B gene, which is found with a median of two copies in the population, but

carrying fewer copies results in a higher risk of glomerulonephritis and lupus, two autoimmune



1.3. APPLICATIONS OF SEQUENCING METHODS 13

104

diseases™*. There are reports that CNVs increase the risk of intellectual disability associated

05

with autism and congenital malformations!®, or intellectual disability with no other known

molecular cause!®®. CNVs are also linked diseases of complex inheritance such as schizophre-

HO-12 = The regions related to syndromic genomic

34,113

nial%”1%  bipolar disorder'®”, or epilepsy

disorders are rich in polymorphic CNVs, which may represent a factor in their inheritance

Inversions that affect pathogenic genes also have a clinical impact. They can span a
fraction of the gene, stopping its expression as a protein; or they may cover the whole gene, in

this case, leaving it regulated by different promoters that normally control other genes®.

Last, insertions of genetic material within a gene sequence can also impact its function.
There is an association between TE insertions and autism?3’, but also with monogenic diseases.
The insertion of an Alu element within an exon of BRCA1, associated to breast and ovarian
cancers, yields a transcript with a frame shift and a premature stop codon that does not result
in a functional protein. This mutation causes hereditary breast and ovarian cancer'!*. TE
insertions can also function as affect genes when occurring in introns by altering mRNA splicing.
This has been observed for mutations that cause Lynch syndrome, which is an autosomal,
dominant, hereditary predisposition to many types of cancers''®; BRCA2, linked to breast
cancers as BRCA1 ist1®117: and AT deficiency, by altering SERPINCI’s sequence®?,

In addition to its clinical importance, knowledge of genetic variance also has industrial
applications. The economic impact includes the use of QTLs (quantitative traits loci), which are
groups of mutations that affect complex traits, such as resistance to stress and diseases or crop
yield. It is possible to establish correlation between mutations that have a small quantitative
effect and perform selective breeding to create better-performing variants faster than using
traditional breeding!'®!1? The same principle is also applied to livestock, with regard to milk
production and composition in cattle!?’; quality of meat, weight and body composition in
pigs'®!; or egg, feed efficiency, meat quality and disease resistance in chickens!?!, for example.
Another commercial use is the selection of a group of variants in a vegetal species to identify

cultivars, hybrids for the purpose of registration, classification, and legal protection'?2.

1.3.3. Confirmation of reported sequences

There are several instances in molecular genetics in which it is necessary to confirm a given
nucleotide sequence. One case is the confirmation of detected variants, as discussed in Section
1.3.2. Since third-generation reads may contain errors, which can in turn affect alignment and
variant calling, an independent technique is used to confirm that the variant does exist, and
that its sequence is as described by the calling software. Sanger sequencing, although not easily
scalable, is very cheap (USD 4 for experiment, covering 800 bp%) and can be used to confirm
variants to assert the accuracy of a study, paired with PCR that will amplify the region of

t123

interest'~°. This can be achieved either by designing PCR primers that will cover the whole

sequence of interest!'?3, or by designing primers that will only result in amplification if the called



14 CHAPTER 1. INTRODUCTION AND STATE OF THE ART

4

insertion exists and consists of the reported sequence'?*. In both cases, sequencing reports a

sequence that either verifies or denies the putative variant.

1.3.4. Study of methylation

In cells, there are changes in gene expression that are not caused by a change in a nucleotide
sequence. These changes are known as epigenetic modifications'?>. One of the most studied
epigenetic mechanisms is the methylation of DNA, which consists of the addition of methyl

groups to different positions within the nucleotide bases.'?6.

Epigenetic modifications vary by cell tissue, are different in cell cultures compared to non-
cultured cells, are responsible for the inactivation of one of the X chromosomes in mammalian
females, among other factors. They are of clinical relevance, as they are also related to cancer

and DNA methylation sites are targets of some cancer drugs'?’.

The classical manner to study the state of methylation is bisulfite analysis, performed with
either microarrays or SRS, a technique that requires DNA preparation with limited conversion
efficiency and allows for PCR bias, as well as other limitations. Nanopore sequencing can detect
methylation comparably to bisulfite sequencing, without the issues of the latter'?”. Nanopore
sequencing can be used to correlate changes in sequences with changes in methylation, as well

as to examine differences in methylation between populations!!.

1.4  Bioinformatic software

This section provides a review of existing tools for genomic analysis of data relevant for genomic
analysis with nanopore sequencing. It also presents publicly available datasets and databases
as resources that are used for the validation of methods developed. Special attention will be

paid to those used or considered in the work presented in this dissertation.

The processes have been ordered as they are normally executed in a variant calling work-
flow. However, the first two subsections correspond to prior work that is necessary for the
workflow: data repositories and benchmark datasets help developers of bioinformatic software
developers design, test, and benchmark their tools; and variant calling requires an available
assembled genome to be used as a reference. With these resources, pipelines start with align-
ment of sequenced reads, which may have been filtered in a quality assurance step, against the
reference genome. Then, variant callers analyze the differences with the reference present in
the alignment to report variants, which may be SNV and small indels, or SVs, with different
programs usually dedicated to one of the two types. Finally, specific studies may require addi-
tional processing, such as gene annotation, genotyping, haplotyping, and coverage calculation,

discussed in the last subsection.
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1.4.1. Data, repositories, and datasets

Sequencing experiments generate large amounts of data!l. Its management can prove difficult,
and some works deal with compression and the design of more efficient file formats. However,
they are codified, sequencing data need to be stored physically. Public repositories can make
the data available to third parties, making it more reusable, and the research based on it easier
to verify. These principles conflict with the privacy of the donors of the genetic material, in the
case of human samples. Given that a genome is unique to a person (except for identical twins,

128,129) it cannot be effectively anonymized. In addition,

which can also carry small differences
it is sensitive clinical information, as it may include mutations that are pathogenic or increase

the risk of contracting a disease.

Data formats

In bioinformatics, information and data are coded in several formats. This section summa-
rizes the most prominent ones that are used in this thesis, also organized in the order of a

bioinformatic workflow.

Nanopore raw data correspond to the electric signals detected during sequencing. It was
originally encoded in FAST5, a Hierarchical Data Format 5 (HDF5) format that used a schema
created by ONT. For a typical experiment with human data, they had a total file size of approx-
imately 1.3 TB, which made them difficult to store and slows down downstream analysis'3’. To
improve raw data storage for nanopore sequencing, the ironically named SLOWS5 was created,
a tab-delimited format that contains the same information as FAST5 in a different structure.
Like other bioinformatic data formats, it can exist in human-readable, ASCII-encoded format,
or a compressed, binary indexed format (called BLOWS5). BLOWS5 reduced file size by 25%
compared to FAST5 and enabled parallel access, which speeds up data access by a factor of 32,

while the analysis time was reduced by 15 to 30 times!3°.

Parallel to this academic effort, ONT developed their own format, pod5, based on APACHE
arrow tables'®!, which allows the storage of hierarchical data and the efficient access to them.Having
been developed by ONT, it is generated by their software!?!, and does not need to be converted
from FAST5. Newer software that deals with raw data seems to be compatible with FAST5
and pod5 for basecalling®? and methylation!?”. SLOWS5 and BLOWS5, on the other hand, have
seen less adoption, mainly by RawHash2, a signal analysis tool focused on analysis of raw reads

in real time!33.

To further process it, raw data are converted into nucleotide sequences in the basecalling
process. Sequences are stored in FASTA or FASTQ format. In FASTA files, the entries are
formed by a one-line header and one or more lines containing the sequence, with nucleotides
encoded as letters using the IUPAC standard. FASTQ files are designed for high-throughput

sequencing and contain 4 lines per entry: a header that contains a read ID, in a format deter-
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mined by the manufacture of the sequencer or the database storing the sequence; the nucleotide
chain, also using the IUPAC nomenclature; a line consisting of the addition symbol “+”, and,
optionally, the read ID again; and a last line that includes the quality of each base in the
sequence. The quality values are limited to a range of 0-93 (both included), although 33 is
added to them to convert numerical values into visible ASCII characters. Quality values are
Phred-score values (Eq. 1.1), which makes the range of possible qualities range from 1 (a base
that is known to be incorrect) to 10723134, Since it is stored as ASCII characters, only inte-
ger values are allowed, which limits the amount of information; however, this is alleviated by

including the first decimal value by multiplying by 10.

The Phred-score is calculated by multiplying by -10 the logarithm of the probability that

the base is erroneously determined!34.

PHRED-score = —10 * log(FP.) (1.1)

The FASTQ format is used to store sequencing reads from high-throughput sequencing

134

experiments %, while FASTA is used for other purposes, such as reference genomes and se-

35 FASTA dates from 1988!3% when it was used as the format of an eponymous

quences’
software suite designed to align sequences and perform searches in protein and nucleic acid
databases, while FASTQ was created at the Sanger Institute in 2000. Both formats were not
formally defined, with the consequence of variants that look identical yet encode information
in different ways, such as a different score metric still stored as ASCII characters'3®. Both files

can be compressed and indexed to allow random access'®”.

To store the alignment of reads against a reference sequence, the SAM format was created
in the late 2000s. Unlike FASTA /FASTQ), it has a formal specification that lists possible values
and metadata fields. A file header can be used to store the definitions of the metadatal®®.
SAM is a tab-delimited format that uses ASCII characters (with UTF-8 characters allowed as
exceptions). It consists of an optional header at the beginning and a list of the alignments,
one per line. The header includes information relevant to the format version used to create the
file, information on the execution of the alignment program, and the reference sequence. For
the reference sequence, information can be stored such as the length of each sequence and their
checksum. For alignments, coordinates in the reference sequence, as well as sequence and query
names, are stored among other fields. Of particular interest is the CIGAR string, a summary
of the alignment that can be used to locate a sequence within the read!®, to allow applications
to retrieve insertion sequences, as done in Chapter 5. The CIGAR string consists of operations
defined by an operation code and a length; for example, “M8” means that 8 bases match
the reference sequence. Matches are for alignment, they mean that there are no insertions or

deletions, and can, in fact, correspond to both sequence matches and mismatches'3.

Although SAM is stored as text, it can be encoded in binary form as a BAM file, which
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has reduced file sizes and increases performance when reading. Both files can be sorted by
genomic coordinates and, when sorted, BAM files can be indexed to allow random access'3®. A
difference between SAM and BAM relevant for LRS is that the CIGAR string has a maximum
length defined in the BAM specification (65535 operations!3?), while SAM has no limit. Long
reads with error may require more than this number of operations. Some aligners, such as the

2140

more recent versions of minimap store them as optional metadata, which has no size limits,

as a workaround™!.

The CRAM format is an alternative to BAM that was created to reduce file sizes by storing
only the difference with the reference sequence, instead of complete sequences. Additionally,
instead of storing data by rows, like BAM, it compresses them by column, which is often the
main factor in size reduction due to data in the same column being more similar, which is more
effective in SRS than LRS!42.

Despite SAM, BAM, and CRAM having been designed to store alignments, the three

formats support unaligned data, as an alternative to FASTQ!42.

For variations in a genome with respect to a reference, the VCF (variant call format)
format is used. It also consists of a header with metadata and a body with information in a
row-per-entry manner. Each row contains eight fixed fields with coordinates, an ID, quality
information, and other optional information. In addition to that, a ninth column can define
the format of subsequent columns, which are used to store information of different samples'43.
Other biological information can be stored in BED, another tab delimited format which was
designed, initially to store data that data browsers with a graphical user interface (GUI) could
load'*. A variant of BED, bedGraph, stores quantitative data related to genomic intervals.
The first three columns store genomic coordinates on the chromosome, start (0-based, included)
and end (0-based, not included), and the fourth contains the variable, such as depth coverage
of the sequencing!#®. In the case of this work, genomic coverage was stored in bedGraph files

for the purposes described in Chapter 4.

Public datasets

New software is usually tested and benchmarked with a combination of simulated and real
datal®146-148 " although some researchers also choose to use their own data'4®. Real world
datasets come from different projects. This section discusses data that have either been used

for this thesis, or were considered for it, but eventually were deemed inadequate.

The Human Genome Structural Variant Consortium (HGSVC) has used multiple tech-
nologies to create reliable SV datasets. In 2019, they released a study of three mother-father-
child trios of different ancestry (Han Chinese, Puerto Rican and Yoruban). These samples of-
fered different levels of genomic diversity and population admixture. The parents were part of

the 1000 genomes project, a previous effort to sequence varied genomes with SRS. The children
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were sequenced with a combination of SRS (Illumina) and LRS (PacBio, ONT); in combination
with other genomic technologies, such as OGM. With the combination of technologies, they
reported 818054 indels smaller than 50 bp, and 27622 SVs!'*. Both the sequencing data and
the variant sets are publicly available and have been used during the design and evaluation of

the works presented in this thesis.

In 2021, the second phase of the project released a more extensive project that focused
on 35 samples from several populations. They reported 107590 SVs, including 316 inversions
and 9453 TE insertions. Approximately 42% of the reported SVs are novel, i.e., not described
in other LRS studies. A key improvement in this study is that they provide genotypes for

150 1151

variants'°”, which can be used to evaluate tools in more detai

Another notable initiative is the Genome in a Bottle (GIAB), a consortium hosted by
NIST. They have characterized one sample from the HapMap project, an early study focused on

192 "and two parent/mother/child trios. The trios are

detecting, genotyping and phasing SNVs
relevant, because in addition to the biological insight that can be gained from them in relation
to genotypes or haplotypes, they have granted broad medical consent to use their genome
data for academic and commercial redistribution, which makes their DNA easily available®.

148,153 and guidelines'® throughout the years for small

They have created several benchmarks
mutations and SVs by characterizing these samples'®®. They have also released a set of relevant
genes in autosomal hereditary diseases, although it contains few SVs (200) compared to 17000

SNVs and 3600 small indels!?.

A project similar to GIAB is the Chinese Quartet, consisting of two twin daughters and
their biological parents. It studies small variants and SVs, and they report a total of 3962453
SNVs, 886648 indels, 9726 large deletions (>50 bp), 15600 large insertions (>50 bp), 40
inversions, 31 complex SVs, and 68 de novo mutations, which are those present in the twins
but not in the parents'®”. The data is available, but, unlike GIAB, it requires registration and

filling out a form as principal investigator to be granted access.

Every dataset presents strengths and limitations that must be taken into account when
deciding whether to include them as a benchmark. The datasets used in this thesis have been
the ones produced by the two phases of the HGSVC (referred to in this section as HGSVC1 and
HGSVC2). HGSVCI1 is a well-rounded dataset with structural variants discovered by several
tools, including LRS. It contains all types of SVs, including large CNVs, relevant for Chapter
4, and TE insertions, for Chapters 5 and 6. The latter is particularly relevant because it labels
insertions that are classified as TE insertions. HGSVC2, which also contains all types of SVs,
does not differentiate TE insertions from others, but does include genotype information and
has a larger sample size. The HGSVC1 dataset was used for Chapters 4-6, while HGSVC2 was
used only in Chapter 6.

Both HGSVC datasets are mapped against the current version of the genome (hg38), a
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relevant consideration, since translating coordinates between different versions of the reference
introduces a degree of error’®® unfit for a truth set. This made us decide against using the GIAB
dataset, which is focused on small variants and has SV data from a single sample, aligned using
hg19. GIAB also offers the dataset for clinically relevant genes, including SVs, although very

1

few!®®, which limits its usability for this work. Last, the Chinese quartet was discarded because

of the access limitations.

Unlike benchmarks, there are public datasets that contain sequencing data from many
individuals. One such example is the 1000 Genomes Project (which now leads the previously
discussed HGSVC), aiming to provide a detailed description of human genetic variation. In
2015, it was considered complete after analyzing 2 504 genomes with SRS WGS and discovering
more than 88 million different mutations, 84.7 million SNV s, 3.6 million indels and 60000
SVs!®. It started as a much smaller project, with low-coverage WGS of 197 samples originat-
ing from four different populations, high-coverage WGS of two mother /father/child trios, and
exome sequencing for another 697 samples from seven populations, the three groups with SRS.
At this initial stage, they reported 15 million SNVs, 1 million indels, and 20 000 SVs!%°. It was
expanded from its 2015 state to 3 202 samples, 602 of which belong to father /mother /child trios.
This version also used SRS WGS to generate the data!!. However, there are current plans to
sequence at least 800 of these samples with LRS, using both PacBio and ONT technologies. The
results for the first 100 samples, from 5 different populations, have been published. In addition
to releasing data and results to the scientific community, they communicate a series of claims,
such as the readiness of LRS to detect SNVs and indels, for genome assembly, and to study
SVs!!. Since variants in samples from 1000 Genomes have been extensively haplotyped!®?:16!,

this dataset presents itself as a large benchmark with fully described variants.

While these datasets are useful and broadly used, they are generated by a consensus of

49 As a consequence, if a tool performs poorly on a type of variant, it

different techniques!
may cause true calls to be missing in the dataset. This case is particularly relevant for SVs,
which, as explained previously, are difficult to detect. This implies that it is difficult to generate
complete variants, resulting in true calls being classified as false positives, and conversely, false
variants in the dataset can result in false negatives. erroneous®>. The Chinese Quartet Project
claims to be a more true dataset because its design leverages Mendelian inheritance to discard

157

erroneous variants™’, which does not necessarily address completion.

The IndiGen project has produced a map of Alu insertions found on the Indian population

123 This dataset was used in Chapters 5 and 6 to demonstrate

by analyzing 1021 genomes
the novelty of the data produced and the comparison capabilities of the presented software,

respectively.

Another resource that hosts SV data is the the Genome Aggregation Database (gnomAD),
a database of genetic variants, which contains 153 894,851 mutations (including 258 975 SVs)
from 4 150 SRWGS samples generated by 1000 Genomes and HGDP. GnomAD has been released
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incrementally and SVs aligned to the current reference (hg38) became available in 202462,
Other databases, run by the NCBI, are dbSNP'63 and dbVar'%4, for SNVs and SVs, respectively.
Although dbVar host files from HGSVC, the variants that it describes are submitted by the

scientific community in general'®, so using it as a reference is not a possibility.

Last, it is worth mentioning the SRA% a repository for sequencing data that includes,
for example, nanopore data from HGSVC2. It allows data to be searched by access status and

experiment type, among other parameters.

1.4.2. Basecalling

The first step in a nanopore workflow is basecalling, the interpretation of the electric signals

166,167 " There are several different

produced by the nanopore sequencer into nucleotide sequences
programs that implement algorithms that do this, which can also be automatically executed by
ONT stock software as part of the sequencing experiment, if the sequencer is connected to a
computer or includes its own. Guppy was the former toolkit for perform basecalling separately
with custom parameters'®®, which has been deprecated in favor of Dorado, which runs different
basecalling models depending on the origin of data and model of flow cells; in addition to

69

utilities such as primer detection and removal from the sequence'®. For developers to train

models, bonito is used instead!™. Both tools are not open source'?".

Detection of methylation is also done from raw data, thus its inclusion in this section. It
can be done with ONT’s tools (Guppy, Dorado), as well as with different ones from the scientific
community: Nanopolish!™, Tombo!™, DeepSignal'”™, Rockfish!™, or DeepMod!™. Each tool
is trained using neural networks, other machine learning algorithms or Hidden Markov Models
(HMM) to detect one or more types of methylation, the majority focusing on 5-methylcytosine

(5mC) (the most common DNA methylation in the human genome)'?’.

The choice of basecalling software usually defaults to the newest model available at the
time of the sequencing experiments''. For this thesis, model availability, compatibility with

flow cells used, as well as availability of a GPU to run the optimal models, were considered.

1.4.3. Genome assembly

LRS allows assembling genomes from sequencing experiments as if it was the creation of a
reference genome, similar to the projects explained in the previous section. During assembly,

graphs are used. A graph is a representation of information consisting of points called vertices

connected by lines termed edges!'™

reduces noise in consensus!’’.

. Using graphs to represent multiple sequence alignments

The first efforts in assembly from LRS reads tackled both the need for error correction
and the opportunity for de novo assembly. PBcR (PacBio corrected reads) was designed to

work with PacBio data (which were released earlier). It polished the high error rate reads with
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[lumina reads (requiring both technologies), making it possible to generate better assemblies
than with SRS alone®. This procedure was quickly improved to require only an LRS experiment
by using a hierarchical genome assembly process (HGAP). It consisted of using the largest
reads as seeding data, to which shorter reads would be recruited and preassembled using a
directed acyclic graph (DAG), in which nodes are connected with direction without forming
loops. Then, the pre-assembled data could be chained with any long read enabled assembler.
Finally, the total dataset would be reused to polish the final result'””. This would be refined
once more into MHAP (MinHash Alignment Process) by incorporating MinHash, a hashing
algorithm designed to compare websites that had been proved to be applicable in other fields, to
compress sequences before comparing them. The minimized reads would then be compared and
progressively overlapped with each other!™. In 2015, hybridSPAdes was published to assemble

179 In

nanopore reads (or PacBio reads) with assistance of NGS data using de Bruijn graphs
a de Bruijn graph, the edges represent overlaps between sequences, while nodes are k-mers,
words of k-nucleotides, and have been used to assemble with NGS data, also!®®. FALCON was
presented as an optimized HGAP, once again for PacBio data and using a string graph!®!, in
which edges are the overlap between sequences (they represent a string of nucleotides), and

nodes are one of the ends of a sequence!®2.

8

Miniasm'®3 used assembly graphs, similar to string graphs, with the set of vertices being

forward- and reverse-complemented sequences, instead of the end of the reads.

Assemblers that use overlap are more robust against errors in sequences, although assem-
blers using de Bruijn graphs handle repetitive regions better. It produced better assemblies
than miniasm and the others by handling repeats different if they were “bridged”, i.e., com-

pletely covered by a single read, or “unbridged”, the opposite case'®*.

Canu, on the other
hand, reunited the first methods for PacBio tools®>'7"17® with added support for nanopore and
improved methods. It was reported to be better than FALCON and hybrid methods (the ones

that require SRS and LRS), but it did not benchmark itself against newer options'®>.

After running genome assemblers, it is possible to run certain polishers to reduce errors.

This is performed often?!, despite articles reporting new assemblers seldom using polishers! 7183,

181. 186,187

posing them as optional'®*, or providing their own'®!; yet studies use them . Flye improved

the situation on more complex genomes, while staying on par with Canu on simpler ones!®.

Shasta is a more recent assembler that optimizes assembly of homopolymers'®. It is part
of the pipeline Shasta-Hapdup, which yields diploid references. The phasing is relative to local
contigs, however!?. Both Flye and Shasta-Hapdup produce very accurate assemblies, but Flye

is reported to produce longer contigs'®.

The importance of genome assembly is two-fold for this thesis. First, as commented, it
is used to create reference genomes, required for the workflow used in this thesis. Second, it is

possible to use de novo assemblies to call variants, by comparing the assembly with a reference.
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Assembly-based methods require higher depth coverage and more computational power than
alignment-based ones. However, they offer better for some variant types, but not for the more
complex ones (translocations, duplications, and inversions)!!. In the field of TE analysis,

alignment and assembly-based methods have been used with Drosophila melanogaster data.

Assembly-based variant analysis on humans is currently limited by yield, in addition to
the factors mentioned below. The assembly of a human genome with nanopore data requires
a sequence of each sample using more than one flow cell, which incurs additional cost and

sequencing time!.

1.4.4. Alignment

Sequencing reads can be aligned against a reference genome to compare them and later pro-
cess the differences. SRS reads can be aligned with tools such as BWA (Burrow-Wheelers
Alignment), which implements three different algorithms depending on the type of sequenc-
ing equipment used. The first one, backtrack, is designed for very short reads up to 100 bp.
The other two, SW (Smith-Waterson) and MEM (Maximal Exact Matches), accept reads in a
length range from 70 to several thousands bp, beating backtrack in accuracy and speed in the
overlapping range™. The best algorithm of the three, MEM, has been reimplemented to obtain

192

identical results in a shorter time'”*. Prior to this optimization, it was also used to align long

reads, but was replaced by programs specifically designed for LRS.

There exist three major long-read aligners: minimap2, Ira, and NGMLR. Minimap?2 is the
one currently recommended by ONT and used in their stock workflow!??, including the human
variation workflow!®, in addition to being the most recently updated. Minimap2 is also the

147,195 6

only considered in recent benchamrks and in newer pipelines!.

In 2012, BLASR (Basic Local Alignment with Successive Refinement) was released to
address the two key differences between SRS and LRS: read length and, at the time, much higher
error rate. It generates a rough alignment first, which is refined via dynamic programming!®.
In 2013, BWA-MEM was published as a preprint. It was compatible with LRS, although the

192 never went through peer review. Although nowadays long reads are

accompanying article
those produced by newer technologies in the range of kilobases to hundreds of kilobases, initial
SRS were designed for 36 bp reads, lengths which would become diminutive even by SRS

standards, requiring the possibility of local alignments and gaps!'92.

After the midpoint of the decade, new tools would appear focused solely on LRS. One was
rHAT (Regional Hashing-based Alignment Tool) in 2016, designed for PacBio’s SMRT, which
used a seeded-and-extension approach. This method, which was shared by the previous state-
of-the-art tools, consists in creating initial alignments with partial reads, the nominal “seeds”,
with the reference genome, which are then extended to full matches. The difference from its

predecessors was the creation of a hash table with different windows of the genome, to be used
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in the seeding step to select the window with most matches, then used as candidate sites for
extension!®”. The same research group would release a year later LAMSA (Long approximate
matches-based split aligner). It took into consideration that long reads could more frequently
contain the breakpoint of SVs, relatively rare in the genome. LAMSA used read fragment
as seeds longer than what the other method used, and build alignment skeletons from the
approximate matches of those fragments in two steps. In the first step, it would assume the
absence of SVs, and align the fragments against the reference, building a series of skeleton
alignments consisting of matches and gaps. In the second one, it filled the gaps by classifying
them into different types of split reads and processing them accordingly. It should be noted that
LAMSA is indicated to be suited to PacBio and ONT data!®®. GraphMap, also from 2016, was
an aligner tailored to nanopore reads, using a five-stage process that would incrementally reduce
candidate numbers. It would start with gapped seeds, refine the approximate alignments, and

finally construct alignments from the remaining candidates.

Another aligner released in 2016 is worth mentioning: minimap. It took different algo-
rithms previously developed for long reads and created a program that created fast and accurate
read-to-genome and genome-to-genome alignments. It performed well compared to BWA-MEM

while being 50 times faster!'s3.

2018 would see the release of NGMLR, another long read aligner designed to reliably
discover SVs. It created 254 bp seeds and aligned them against the reference, group the matches,
and align the long segments with their own scoring method, which allowed for both relatively
long indels and shorter ones (1-10 bp), likely erroneous ones. The highest scoring set of segments

without overlap would be the resulting alignment!'%°.

Minimap2 was released the same year. Starting with a novel alignment algorithm that
could fully leverage modern processors’ capabilities®”, it would refine minimap’s process to be
30 times faster than LRS aligners and more accurate alignments, as well as being optimized to

align LRS mRNA sequences'!.

Two more aligners were built to solve particular shortcomings of minimap2'°: Win-
nowmap2 and Ira. Winnowmap2 was built on top of minimap2 (and for some cases it defaults
to the minimap2 algorithm). It aimed to improve alignment to highly repetitive sequences,
such as centromeres, by diminishing reference bias. This bias occurs when an aligner offers
lower scores to a read that contains non-reference bases?”. Reference bias is of special im-
portance for variant calling in highly polymorphic regions. For example, the frequencies of
reference alleles have been observed to be overestimated at the HLA locus®. Lra was designed
by implementing a better chaining alignment for partial matches than minimap2’s heuristic ap-
proach or NGMLR’s SW-like dynamic programming solution. Lra was at one point the aligner

recommended by ONT?3, but it has been replaced by minimap2!93:194,

The current state of the art in nanopore read alignment was reached after gradual im-
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provements in minimap2 for situations in which it had underperformed, achieving the same

performance as Winnowmap2, but being faster'4°.

For this thesis, lra, NGMLR, and minimap2 (both before and after the improvements
previously mentioned) were evaluated. For the specific purpose of CNV discovery, NGMLR
performed better (Chapter 4). However, even at the time of those experiments, it was not
updated and suffered from incompatibilities with newer versions of samtools. Particularly, it
would produce few malformed alignments that would not pass samtool’s assertions, resulting
in runtime errors. For the purpose of detecting insertions, minimap2 is better (Chapter 5),
particularly the newest versions, which solve issues with repetitive sequences and large insertions

and deletions'?.

1.4.5. Variant calling
In this section, we present tools to detect genetic variation with sequencing experiments.

LRS is a relevant advance in sequencing technology because it improves SV detection'!;

however, it is also interesting to consider its capabilities for smaller variants.

An early methodology for detecting and genotyping selected SNVs consists of performing
PCR of the regions containing them, sequencing the PCR products, and performing a SNV

search using NGS tools such as beftools?92:203,

Longshot?* supposed a jumpstart in SNV detection with long reads, but a series of tools
would further improve the situation. It started with Clairvoyante (released before Longshot in
early 2019), a neural network SNV and indel caller. It achieved F;-score near or above 90% for
LRS, and above 98% for SRS. The results were better with PacBio data than with nanopores,
with a difference of approximately 5%. Interestingly, they also reported variants detected by

LRS but not SRS, although no confirmation was performed with other techniques®".

The next year, Clair, Clairvoyante’s successor, would outperform its predecessor Clairvoy-
ante, Longshot, as well as the multipurpose Medaka in performance and speed, while staying
marginally behind Google’s updated DeepVariant (by <0.2% in Fj-score), yet being several

times faster2%,

DeepVariant was integrated into a pipeline, PEPPER-Margin-DeepVariant that report-
edly surpassed other SRS tools in SNV calling with short reads, as well as being better than
Clair and Longshot for LRS, with the additional function of haplotyping variants. Metrics were

better with PacBio reads than with nanopore reads, however?’”.

Finally, Clair3, another iteration on Calirvoyante, was published. It outperformed all
tools at low coverages (10x-20x)%%®) which were realistic depth ranges to find in sequencing
experiments®. At higher coverage, it performed comparably to PEPPER, but was faster. At
this point, precision and recall for SNVs surpassed 99% for SNVs, and were 89% and 62,
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208 (lair3 is the current method of choice for SNV discovery in the

human variation workflow offered by ONT’s epi2me pipeline!®3.

respectively, for indels.

To call SVs, the main focus of this work and one of the strengths of LRS, completely

different tools are needed to interpret the data contained in long read alignments'®.

Prior to Sniffles, some SV detection methods for PacBio?"

were incorporated into SMRT-
SV. Another program, PBHoney, was designed to detect SVs with PacBio and tested on E. coli

samples?!.

Sniffles was released alongside NGMLR. By processing alignments against a reference, it
could call all types of SVs. For this purpose, it followed three different criteria. First, with
insertion or deletions within long reads, it could detect relatively small SVs entirely encom-
passed within a read. For example, deletions and insertions in the range of hundreds of base
pairs (which, by their size, are SVs and not indels) can be called in this manner. Second, by
considering split alignments, in which a read has chimeric alignments (i.e., it has more than one
good quality, noncontiguous partial alignment). For example, a read that has two alignments
separated by 100 kb would indicate a 100 kb deletion. Third, examining noisy regions, Sniffles
was also able to report SVs. For all three cases, a certain RE (read evidence) threshold would
be needed to report it, unlike the examples listed here (although it could be configured to report

SVs with any minimum RE, including one read)!%.

SVIM came out after Sniffles. Similarly, it analyzed signatures within read alignments
for deletions and insertions, as well as features between alignments, for larger SVs. These “SV
signatures” would then be grouped into clusters by genomic location, to be finally combined
and classified into SVs. It reported high accuracy and precision, performing better than other

211

tools with runtimes similar to Sniffles”*". Afterward, Sniffles would be updated to use multiple

threads, while SVIM was not, making it slower than the alternative.

More SV callers would be released in the following years. For example, pbsv, PacBio’s
proprietary caller that works exclusively with PacBio data?'?. NanoVar, published in 2020,
analyzes split reads and processes alignment characteristics through a neural network to char-
acterize SVs?'3. It performed very poorly in a benchmark run by an independent team'®®, which
raised questions from the developers of NanoVar, citing another independent study (and their
own initial publication) in their defense?’?. In the other benchmark, NanoVar performance was
mixed, more frequently underperforming when compared to other callers?'®. In one of the works
presented in this thesis, it was benchmarked for general SV and insertion recall and performed

better than Sniffles and SVIM with minimap2 alignments!?*,

CuteSV, another SV caller, also uses large insertions and deletions, as well as split align-

ments, to cluster them and classify into different types of SVs?1®. It performed comparably to

195

Sniffles (and better than other alternatives)'”, although it was better for certain types of SV,
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for example, duplications?'®. Another tool, NanoSV®®, performed poorly with real data?'® and
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when benchmarked in another study!%.

After some improvements, Sniffles was updated, became more accurate and faster, and the
updated version was released as Sniffles2, published in 2024. It was reported to be more than
ten times faster and 29% more accurate than its competitors on a broad range of depth coverage,

on both PacBio and nanopore data, as well as including utilities for population genomics!47.

Related to this thesis, it is also worth mentioning PALMER?'", which detects exclusively
mobile TE insertions, although it has a very slow runtime!®2!®. Additionally, it is limited to
selected types of TE selected. These limitations are in part the reason why we developed a tool
for TE detection, Retroinspector (Chapter 6).

To aid researchers in tool selection, benchmark studies are independently conducted and
provide a concise summary of the state of the art'%215219  They can also provide additional
guidelines for the process, such as using the union of two variant callers for increased sensi-

219

tivity and the intersection for greater specificity”'”, or experimental factors that influence the

calling process'®. Nonetheless, researchers currently seem content with running Sniffles2 after

2146,193 151,220

minimap , although it does not yield the most accurate results , and large projects,

such as HGSV, do not follow this practice!!. In the case of population analyses, using only

Sniffles2, for best speed at good performance, is indeed recommended??!.

Benchmarks are usually performed with publicly available datasets!46:222223 Real data,
can also be used alongside simulated data??>??3. However, while simulated benchmarks report
great metrics???, real applications find low accuracy for CNVs®. CNVs can also be detected
using an older methodology based on SNV detection. THis method is based on estimating
SNV genotypes. For this purpose, three different alleles are considered: the reference allele,
the alternative one, or a deletion, which leads to 9 different genotypes. The deletion can be
observed in two ways: if it is homozygous, it will be detected as missing data, which can be
associated to a deleted sequence. If it is heterozygous, one of the other will be reported as
homozygous. Using the frequency of alleles or the genotype of the parents, it is possible to
calculate the probability of each genotype, taking into account the error margins. This enables
selection of the most likely genotype??*. Although this method was developed for SNV arrays,
ONT’s Human variation workflow also uses SNP calls produced with Clair3 to complement

coverage datal?,

These studies show that accuracy is similar between callers, but there exist some differ-

ences between tools, as explained in the next paragraphs.

Currently, Sniffles2 is the fastest and perform better or as well as other callers across all

types of insertions. It has addiotional functionality, too, such as finding somatic mutations and

147

analyzing variants at population levels**’. Its performance and versatility have earned it the

position as the only general purpose SV caller in ONT’s human variation workflow!?4.
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It is worth mentioning that, while early tools were sometimes limited to one or few SV

211216222 However, each caller may perform better for

types??®, current ones detect all types
specific purposes; for example, SVIM performs worse for insertions when paired with NGMLR?.
Other factors, such as read length or coverage, are not relevant at the values produced by current
equipment!®®. Regarding coverage, there is only a 15% increase in recall when comparing 10x
depth to 50x?®. Even at 5x coverage, precision and recall can surpass 80% with Sniffles2
or CuteSV??6. While this is true, higher coverage values result in better performance, with
diminishing returns after 20X. Depth coverage has a greater impact on the detection of large

SVs than relatively smaller ones®.

Another aspect that differentiate variant callers is the type of SV. These programs perform
poorly for CNVs®, for example, and are substituted by other approaches in ONT’s official
methods'?*, as explained previously. Most callers, paired with any aligner, accurately detect
insertions and deletions®®, which are the most common and most reported SVs®®, but struggle

with more complex SVs, such as inversions and duplications®.

Variant callers perform other functions in addition to variant calling, such as genotyping

227

variants Genotyped variants can be phased to determine which ones are found on the

same chromosomes on a given sample. The length of nanopore reads allows phasing without
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pedigree information and can be done by genome assembly!? with manual reconstruction??®,

using SNPs called by Clair3??°, or simply from the reads®.

A last consideration for SV detection is the search for polymorphic variants. Several loci
in the genome are highly polymorphic, such as the HLA??, CNVs?’, and tandem repeats®*. Since
LRS reports the sequence, it is possible to perform allele-specific studies, for gene expression??,

methylation®3, or to study TEs!.

1.4.6. Annotation and other analyses

After alignment and variant calling, data may be interrogated in different ways to answer
different biological questions. This subsection presents a list of miscellaneous software that
has been useful in the development of this thesis, as well as other tools relevant to nanopore

sequencing.

First, as mentioned in the previous section, it is useful to combine variant sets generated
by different callers. For this, SURVIVOR?!, its wrapper surpyvor?'?. Other options also exist,
Jasmine?*?, which has been used by HGSVC!!, or combiSV, which requires the inclusion of

certain variant callers in the workflow to work properly?!®. Truvari is designed to compare call

233 157,195

sets and truth sets*, and sees use in benchmarks

Calculating depth coverage from a sequencing experiment can be a quality metric!66:234,

but it may also be used during variant calling for genotyping; either by simply setting thresholds

for the fraction of supporting reads relative to total reads in the SV region, such as Sniffles??2, or
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with more refined statistical methods!4”. It can also be used as an approach to detect duplicates
and deletions, particularly with NGS data, where SV detection is more limited?3® 237, Samtools

can calculate coverage, but mosdepth is faster and supports more file types as output®®.

Separately, annotation of variants with gene information is useful in predicting their clini-
cal or biological impact?*®. Standalone tools can perform gene annotation, such as AnnotSV?24,
but it can also be done within the R programming language through packages such as anno-
tatr?*!. Annotatr reports which variants overlap genes and in more detail whether they fall
into exons, coding sequences, promoters, among other features. It can also detect overlap with
non-gene features such as CpG islands and their surroundings. We have used annotatr to an-
notate TE insertions and deletions (Chapters 5 and 6). It allowed us to take advantage of
the extensive set of annotations it provides while keeping the process contained in R, which

simplifies building the workflow.

After annotation, enrichment analysis is an interesting possibility. With ClusterPro-
filer?*2, another R package, it is possible to know if a set of genes that is, for example, affected
by one type of SVs in a sample or cohort, is enriched with a particular feature, that is, the
said feature is overrepresented in that set of genes. Such features can be molecular functions,

243244 metabolic pathways from

biological processes or cell locations from Gene Ontology (GO)
KEGG (Kyoto Encyclopedia of Genes and Genomes)?#® cancers from the Network of Cancer
Genes (NCG)* or other diseases from Disease Ontology (DO)?*7 (with its own R library,
DOSE?#). Enrichment can help to interpret the results of annotation. On a genomic level,
producing a list of genes affected by TE insertions is of limited use (if one is only interested
in a single gene, or few genes, checking if they are affected can be the objective, however).
However, obtaining a list of biological processes affected by genes significantly affected by TE
can be more informative and can be used to connect the results to other studies, as done in

Chapter 5, or to formulate a new hypothesis based on these observations.

Another task is the visualization of data. As has been explained before, many file formats
used in bioinformatics follow a tabular design and are, to some extent, human-readable, even
if they may be stored compressed. However, seeing genomic data, such as aligned reads or
variants spread across genome coordinates, can be helpful to illustrate localized changes in
characteristics such as methylation'! or alignments®*??2. IGV (Integrative Genomics Viewer)
can load SAM, BAM, or VCF files, among others, and display them alongside chromosome
coordinates. It can also load data such as repeats in the reference genome, gene annotations,

and chromosomal bands?%.

Other alternatives exist, but IGV is the most widely used (and
most usable) option for genomic visualization. Using a visualization tool is useful to provide
examples on small differences between alignment produced by different methods!®®, to show
alignment features relevant for designing tools or fine-tuning them for specific purposes, such
as somatic variants'7; or, as has been the case in this thesis, to highlight alignment anomalies

related to variant detection and analysis (Chapter 6).
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Finally, installation of dependencies is not a problem particular to Bioinformatics, but
it still needs to be managed. For this, the package manager can be used to create virtual
environments with both libraries and tools, ensuring that the versions are compatible. These
environments are reproducible and can be installed into any compatible machine without supe-
ruser permissions. Conda packages are downloaded from repositories called channels. Among
them, there is one specific to bioinformatics, bioconda?°. Conda channels contain libraries for

several programming languages, such as C, C++, Java, Python, or R.

1.4.7. Pipelines

Performing all the steps described in this section can be complex and the experimental design
can be time consuming. If one wants to see if a gene of interest is affected by any mutation in
a given sample with a nanopore experiment, they would need to basecall their data, select a
reference genome, choose an aligner and one or more variant callers based on their performance,
run the annotation, and finally inspect the data either by reading annotated VCF files or
displaying them in IGV. To ameliorate this and reduce the bioinformatic expertise required for

some experiments, researchers and manufacturers develop pipelines.

We have already mentioned that ONT develops and publishes some pipelines for nanopore
analysis. They can be installed from public GitHub repositories or launched by their desktop

93 These pipelines cover different applications for nanopore sequencing, the one

application®
closest to the topic of this thesis is the Human variation workflow, a one-stop tool to characterize
SNVs and indels, SVs, and CNVs (separated from other SVs). It uses a selection of the tools
previously discussed, namely minimap2 for alignment, Clair3 for SNPs and indels, and only
Sniffles2 for SVs. For CNV reporting, it uses a fork of Spectre, an (as of now) unpublished tool

for CNVs, aided by Clair3’s results.

Pipelines connect tools and launch them with preset options, and they may include their
own scripts for added functionality'4®. They can be implemented in different languages; in the
scope of bioinformatics, several prevail: Nextflow?*!, which uses Groovy (a dialect of Java);

Snakemake?°2

, which uses a dialect of Python; WDL (Workflow Description Language), with
a focus on portability to high-performance computers and cloud systems?3; and Galaxy?**,
which provides a GUI, as it is targeted to users without programming knowledge, and has its
own package manager. On the other hand, Nextflow and Snakemake require programming
instructions for the pipeline. The method each framework requires to define pipelines may
condition its userbase: Galaxy is aimed to people without programming knowledge, while
Snakemake uses a language commonly taught in Bioinformatic courses, while Java is more
commonly used by software engineers. Pipelines can also be distributed as combinations of
scripts, managing their dependencies with conda?®. Packaging a workflow as a pipeline makes
it very reproducible, as the frameworks manage the dependencies, reducing installation to

writing few lines in the terminal. Then, by a single command, it is possible to run the entire
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pipeline with controlled settings, achieving comparable results and reproducibility with no effort

on the side of the user.

Examples of Snakemake pipelines that support nanopore data (either exclusively or among
other technologies) include ONTdeCIPHER, for pathogen population genomics®*%, RESCUE,
for bacteria phylogeny?”, or Retrolnspector, for detection and characterization of TE insertions

151 " showing great adoption. Examples made with Nextflow include GraffiTE,

and deletions
also for TE detection'¥®. WDL has been adopted by clinical and research institution, such
as the NIH, or hospitals, and has been used for Shasta-Hapdup!®®. The use of pipelines in
clinical environments is very interesting, as it allows to create standardized methods that can
be applied by different centers. To find well-performing methods, several institutions, such as
the FDA (Food and Drug Administration, from the USA), create competitions where pipelines
are evaluated?>®. These competitions are based on truth sets similar to the ones, or the same

ones, discussed in Section 1.4.1.



Challenges and Objectives

2.1  Overview

The previous section has shown the current state of nanopore data analysis, the relevance of
SVs, and their clinical impact with respect to AT deficiency. This section itemizes the goals of
this thesis, which aim to examine the degree at which nanopore sequencing can answer questions
about human genetics, both at the genomic level and focused on SERPINC1. AT deficiency is
a hereditary disease with clear symptoms, usually caused by alterations in SERPINC1. This
makes it a great starting point to study SVs, considering that these mutations explain a fraction

of cases previously without molecular diagnosis®.

After the introduction of AT deficiency genetics, it is clear that neither the traditional
SV detection method nor NGS offers a complete solution on a genomic scale, while LRS may.
These techniques, despite their limits, show the existence of large genetic variants in the human
genome, which calls for the question whether they are also found with nanopore sequencing,
to what extent and if the results leave room for improvement. With the knowledge of AT
deficiency genetics'® and the impact of SVs on SERPINC15!, it is possible to define concrete
objectives to improve SV detection methods. AT deficiency is a great case for genetic studies
(it was the first trombophilia to be discovered as hereditary?®) which eases method design. The

methods can be checked on a controlled genomic region and extended to the rest of the genome.

Two groups of SVs appear more relevant for this research: CNVs, which can cause AT

deficiency®!, and are difficult to detect with LRS**; and TEs, recently discovered to cause this

disease®?.

The objectives described next were designed from a study of the scientific literature and

were updated during the research process to answer new, specific questions.

2.2 Objectives

The main objective of this thesis is the development of bioinformatic methods to detect and

study SVs using data from nanopore sequencing experiments. Different types of SVs present
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unique challenges and opportunities, and will be explored separately. The objectives stem from

13,51

studies on AT deficiency The disease serves as a starting point for research questions,

which are later extended to a genomic level, as presented in this section.

The following technical objectives and sub-objectives are defined according to the factors
detailed in Chapter 1, named as OBX, which may be divided into subobjectives (OBX.Y).

» To examine the efficacy of nanopore sequencing for the detection of large SVs, which are

known to be responsible for some AT deficiencies® (OB1).

— To compare variant calling with nanopore and CNV detection with aCGH. With
samples from a cohort of patients with AT deficiency, some of them carrying gross
genetic defects affecting SERPINC1, find which CNVs with length over 50 kb are
found by nanopore, and the agreement with the array. The size range is determined
from the detection limits of the aCGH.

— To find methods to examine the sequencing data and refine nanopore results, if
necessary. Considering that nanopore technology is not fully mature, practical ap-

plications do not produce perfect results.

o To study the diversity of TE insertions in the human genome (OB2), since TEs are a
novel source of pathogenic mutations in SERPINC1°?, they may be relevant for other

diseases.

— To create and calibrate a workflow tailored to detect TE insertions (OB2.1). The
features of TE sequences, such as high repetition, may make them harder to detect.
It is necessary to find which tools are best suited to detect a wide range of complete

and incomplete TE insertions.

— To study the genetic impact of TE insertions (OB2.2). With the knowledge that
TE insertions can be responsible for monogenic diseases, even if they occur within
introns, it is interesting to find how many TE insertions affect genes, which genes

are affected, in which type of sequence (coding, intron, promoter, etc.).

— To study the functional impact of TE insertions (OB2.3). After having verified
that TE insertions are present in genes, even in coding sequences, we performed
enrichment analysis to investigate the biological process that could be affected by

polymorphic TE insertions.

» To study the diversity of TE deletions in the human genome (OB3). Considering that the
reference genome describes mostly one genome, the sequence it contains is not a reference
for the most common alleles. When deletions that span only the length of a TE, they
can be considered polymorphic insertions present on the genome donor(s), but not on

samples. This requires the same analysis described in OB2, except for OB2.3, which
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would imply studying the enrichment of genes affected by TEs present in the reference

but not in the cohort.

o To generate reproducible and reusable tools that can be widely used by the scientific
community (OB4). There has been a shift in the scientific community in the recent years,

with more emphasis on reproducible software?®, which makes research more reusable.

Chapter 4 focuses on CNV analysis and addresses objectives OB1 and OB4. Chapter 5
targets TE insertions and deletions, and tackles objectives OB2 and OB3. Chapter 6, which
improves the methods from the previous one and implements them in a pipeline, revisits both
objectives OB2 and OB3. Since its main focus is on the creation of a pipeline, it is also
connected to the objective OB4.
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Methodology

This thesis aims to improve the detection and analysis of structural variants with special at-
tention to their clinical impact, focused on AT deficiency, using nanopore sequencing data. For
this, the methodology follows the alignment-variant calling-analysis methodology reviewed in
Section 1.4. The thesis includes the development of methods for CNV analysis in Chapter 4,
and for TE insertions and deletions in Chapters 5 and 6. Both applications share the alignment
and variant calling steps, as well as benchmarking and coverage calculation, and diverge in the

end steps.

This chapter contains a summary of these common steps. However, the specifics are
detailed in the Methods sections of the open source articles corresponding to Chapters 4, 5,
and 6.

3.1  Benchmarking tools

As showcased in the previous section, the development of software for the analysis of nanopore
sequencing data is a continuous process. Thus, it is necessary to reevaluate which tools to use

for alignment and variant calling.

Although the literature already offers updated benchmarks!'®>2!5 they may be flawed?!

or not suitable for the particular purpose, such as large CNVs®3.

For benchmarking, we selected the truth set produced by the HGSVC!*, with sequencing
data from either the HGSVC (the three samples) or one sample?!?. We used the more recent
dataset, also by the HGSVC! to benchmark genotyping.

Benchmarks usually use both simulated and real data. Simulations are much easier to

produce than other real truth sets and are both complete and error-free. However, simulation

215,227

benchmark results rarely compare to real data , and occasionally produce near-perfect

260 There are several explanations for these discrep-

213,227

data, raising concerns about its validity
ancies. First, simulated reads may be simpler than real ones . Second, real SVs can be
more complex than simulated ones®. Third, simulations reproduce what has been first detected

by variant callers, so they are generated following their biases, which ultimately inflates their
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performance??®. Last, truth sets have also been proposed to be incomplete and to contain false

positives, as discussed previously?®.

The process described in the next section was run for the truth set(s) and performance
metrics were calculated. To compare or evaluate tools, three metrics are often used!'47195:215:
recall, also known as sensitivity and true positive rate, which quantifies the true positives re-
covered (Eq. 3.1); precision, also known as positive predictive value, which quantifies false
negatives (Eq. 3.2); and Fi-score, which summarizes the other two (Eq. 3.3). These metrics

have been reviewed elsewhere?6!.

For Chapter 4, only recall was considered, since the com-
parison with aCGH presented a smaller and incomplete set of SVs, which made false positives
difficult to quantify. This is common when dealing with large CNVs*. To address this limita-
tion, the public truth set was used to determine false positives, which allowed us to calibrate
a method that was able to reduce both false positives and negatives. This is a compromise
made in similar studies®. Comparably, the benchmark for Chapter 5 aimed to maximize the
recall of insertions, so that was the chosen metric. This did not create a risk for an excess
of false positives, since all of the considered tools had performed very well on previous bench-
marks!95:199,211,213214.216 ~ Chapter 6 uses the three metrics mentioned here to evaluate the novel

pipeline and compare it with its alternatives.

In addition to benchmarks with datasets, orthogonal validations was performed with our
own data with aCGH for Chapter 6, with some of the CNVs have previously been validated®!.

PCR validation was performed for TE insertions as described in detail in Chapters 5 and 6.

TP

= tivity = TPR = ————— 1
Recall = Sensitivity R TPLEN (3.1)
TP
Precision = FPR = ————— 3.2
recision TP+ FP (3.2)

2 - Precision - Recall
F - = .
L seore Precision + Recall (3.3)

3.2  Variant calling and subsequent analysis

This section lists tools used in the three articles for the variant discovery workflow, as well as
others for later analysis. Each article part of this thesis has a more detailed Methods section,
as well as an accompanying GitHub repository (linked within the article) with full code and

commands used. A summary of the process is shown in Fig. 3.1.

8262 2140,201

Alignment was performed against the human genome reference hg3 using minimap
with the recommended settings for nanopore data, and with the flag to store long CIGAR strings

as metadata (once it became available), as discussed in Chapter 1, Section 1.4.1. Alignment files
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were sorted and indexed with samtools!3”. Variants were called by an iteration of Sniffles!4"1%

and SVIM?'!| considering only reads with at least a mapping quality of 20 (30 for Chapter 5).
SURVIVOR?! or its wrapper surpyvor?'? were used to create unions of call sets, to analyze
later with R?%® and Python scripts. Libraries for these programming languages usually have

specific scopes and are not present in all articles, with some exceptions, such as data.table64.

Tools were selected by evaluating state-of-the-art and new (at the time while we worked
on Chapter 4) tools for the purpose of each article, with the benchmarks summarized in the
previous section and described in more detail in Chapters 4-6. We normally used the default
parameters of each tool, selecting presets for nanopore data for the pieces of software that offer
them. One of the most changed parameters during this work is the minimum read thresholds
to select a variant, set to 3 reads, and changed in Chapter 6 to 5 and 7 in addition to 3, to
evaluate how it affected performance. The value of 3 was selected by examining mutations in
SERPINC1 that we had previously confirmed. Second, dealing with large CNVs in Chapter
4 required removing the size limit of reported variants, which CuteSV normally uses. Third,
for the purpose of TE analysis, we enabled reporting the IDs of supporting reads, to latter
assemble a consensuns from them. Last, we generally set callers to ignore reads with a mapping
quality lower than 20 (the default value, except NanoVar). Since NanoVar does not support a
mapping quality threshold, we filtered alignment files to simulated this option. This threshold
was changed to 30 for Chapter 5 because the idea of incomplete TE insertions raised concerns
during peer-review, particularly for those found within other TE sequences. It should be noted
that TEs are commonly found within other TE sequences in eukaryote genomes®. After
proving that these insertions, which we also validated orthogonally, were also reported with the

more stringent value, we returned to the default value for subsequent experiments.

Coverage was calculated with mosdepth?*®, and used to check the presence of CNVs

(Chapter 4) or to genotype TE insertions and deletions (Chapters 5 and 6).

To address errors nanopore sequences may find with repeats within TEs, we reassembled

the isnerted sequences from aligned reads as described in Chapters 5 and 6.
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sets annotation
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Figure 3.1. Summary of bioinformatics workflow used for the works in this compendium. Boxes 1,
2 and 3 group steps as seen on section 1.4 (they correspond to subsections sections 1.4.4-6). Boxes
with angular corners are input files normally generated by an external project, such as the reference
genome and its annotation. Boxes with round corners represent analysis steps. Color is used to restate
information provided in other form: purple, externally produced input; orange, blue and yellow, steps
1, 2 and 3, respectively. Arrows indicate the order of the steps. 1) Alignment and postprocessing of
alignment file (compression, sorting and indexing save storage space and allow for arbitrary access).
2) Processes that derive information for the alignment file: coverage calculation, and variant calling,
usually done with several programs whose results are merged into an union set. 3) Specific analysis to
variant callsets (and in some cases, also use the alignment files): genotyping (which may be performed
during variant calling instead), filtering of variants with credibility thresholds or statistical parameters,
calculation of allele frequencies (AF), benchmarking of tools and pipelines, gene annotation and sub-
sequent enrichment, annotation of other biological features (such as TE sequences or genomic features
like CpG islands).
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Abstract

Introduction: Whole-genome sequencing using nanopore technologies can uncover structural
variants, which are DNA rearrangements larger than 50 base pairs. Nanopore technologies can
also characterize their boundaries with single-base accuracy, owing to the kilobase-long reads
that encompass either full variants or their junctions. Other methods, such as next-generation
short read sequencing or PCR assays, are limited in their capabilities to detect or characterize
structural variants. However, the existing software for nanopore sequencing data analysis still
reports incomplete variant sets, which also contain erroneous calls, a considerable obstacle for

the molecular diagnosis or accurate genotyping of populations.
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Methods: We compared multiple factors affecting variant calling, such as reference genome
version, aligner (minimap2, NGMLR, and Ira) choice, and variant caller combinations (Sniffles,
CuteSV, SVIM, and NanoVar), to find the optimal group of tools for calling large (>50 kb)
deletions and duplications, using data from seven patients exhibiting gross gene defects on
SERPINC1 and from a reference variant set as the control. The goal was to obtain the most
complete, yet reasonably specific group of large variants using a single cell of PromethION
sequencing, which yielded lower depth coverage than short-read sequencing. We also used a

custom method for the statistical analysis of the coverage value to refine the resulting datasets.

Results: We found that for large deletions and duplications (>50 kb), the existing software
performed worse than for smaller ones, in terms of both sensitivity and specificity, and newer
tools had not improved this. Our novel software, disCoverage, could polish variant callers’
results, improving specificity by up to 62% and sensitivity by 15%, the latter requiring other

data or samples.

Conclusion: We analyzed the current situation of >50-kb copy number variants with
nanopore sequencing, which could be improved. The methods presented in this work could
help to identify the known deletions and duplications in a set of patients, while also helping to
filter out erroneous calls for these variants, which might aid the efforts to characterize a not-yet

well-known fraction of genetic variability in the human genome.
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Abstract

Repetitive sequences represent about 45% of the human genome. Some are transposable ele-
ments (TEs) with the ability to change their position in the genome, creating genetic variability
both as insertions or deletions, with potential pathogenic consequences. We used long-read
nanopore sequencing to identify TE variants in the genomes of 24 patients with antithrombin
deficiency. We identified 7344 TE insertions and 3056 TE deletions, 2926 were not previously
described in publicly available databases. The insertions affected 3 955 genes, with 6 insertions

located in exons, 3929 in introns, and 147 in promoters. Potential functional impact was evalu-
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ated with gene annotation and enrichment analysis, which suggested a strong relationship with
neuron-related functions and autism. We conclude that this study encourages the generation
of a complete map of TEs in the human genome, which will be useful for identifying new TEs

involved in genetic disorders.
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Abstract

Transposable elements (TEs) make up 45% of the human genome, are a source of genetic
variability difficult to detect, and involved in processes related to gene regulation and disease.
Nanopore sequencing is recognized as one of the best technologies for detecting TEs; however,
tools for analyzing of human TE insertions and deletions with nanopore-based data can be

improved.

Retrolnspector is an easy to use, configurable Snakemake pipeline that performs detection,

annotation, enrichment, and genotyping of TEs. Retrolnspector requires the FASTQ files of
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the samples and the reference genome to start the identification and analysis of TEs.

The user can also set the threshold for the number of supporting reads for the variant
filtering. Retrolnspector also allows users to compare the results of two samples. Different
versions of the reference genome can be used and the presence of retrotransposition features
can be annotated. Retrolnspector has been run on three nanopore sequencing datasets and

validated experimentally using proprietary and public data with over 80% precision.



Discussion and Conclusions

7.1 Discussion

Sequencing technologies have enabled the discovery of genetic causes in many diseases, as well
as traits of economic interest in crops and livestock. LRS enables studies of genomic features,
such as methylation and, the focus of this thesis, the detection and characterization of SVs.
SVs, mutations over 50 bp, are a previously untapped source of genetic diversity that represents
most of the genetic differences, in sequence length, between individuals. This thesis reunites the
results of three articles that achieve the objectives defined in Chapter 2. Here, we summarize
the discussion of the three works. Furthermore, since we are writing this after the publication of
the individual works, we will also briefly comment on their impact in other scientific works. We

do this only for Chapters 4 and 5, since Chapter 6 was published shortly before this document.

The first article (Chapter 4) addresses objective OB1 (to examine the efficacy of nanopore
sequencing for the detection of large SVs). In that work, we compared aCGH and nanopore
sequencing to examine the accuracy of the results of different variant callers. Four different
variant callers were tested with alignments by three different aligners, resulting in 12 different
callsets. Sniffles and NGMLR yielded the better results for large CNVs. Regardless of the
combination of tools, recall and precision were very low in both our data and the public dataset,
which agrees with similar work that shows how limited variant callers at detected CNVs®.
As an additional problem, many large CNVs were detected. The nature of some of them,
for example, large deletions affecting a sizeable fraction of entire chromosomes (which would
probably have pathological consequences), pointed that they were not real variants, but false
positives from the calling process. Although the correctness of truth sets has been questioned
for CN'Vs (when using a different dataset)?®, these findings indicate that variant callers do report
errors. This was checked with one of the samples from HGSVC that already had a curated set of
SVs. After completing subobjective OB1.1 (to compare variant calling with nanopore and CNV
detection with aCGH), it was undertood that it was not enough to complete the work regarding
the discovery of CNVs with nanopore, which resulted in the the addition of OB1.2 (to find
methods to examine the sequencing data and refine nanopore results, if necessary), consisting

of improving the methods existing at the moment. We selected the approach of checking depth
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coverage on the regions affected by putative SVs, based on the fact that if a region has a
different number of copies, it will affect the number of reads aligned to it. For example, a
homozygous deletion should result in no reads from the deleted region, while a heterozygous
one would result in approximately half the reads normally expected. Conversely, a duplication
should increase coverage, as a longer genomic region is represented by a shorter fragment in
the reference. A method to compare coverage of putative SVs and their surroundings was
implemented, and package into the tool disCoverage. This tool is not a variant caller, but a
more limited program, as it needs a list of variants to filter. It is intended to run after variant
calling, to remove spurious results and validate true positives; or it can also accept a list of
polymorphic insertions as input, to check if they are present on another sample. However, even
after running disCoverage, the results contained errors, meaning that, although the problem is
alleviated, it is not solved. While having less spurious calls can help with molecular diagnosis
of AT deficiency or other diseases, there is still work to be done. We packaged the tool into
a conda package, to ensure that the installation process is straightforward, which is related to
OB4 (to generate reproducible and reusable tools that may be used broadly by the scientific
community). The article in Chapter 4 has been cited by other researchers because it shows the

6 as well for its systematic benchmark

poor performance of variant callers for CNV detection?®
that suggests Sniffles as the best tool among existing options?$”, although researchers opted to
use its update, Sniffles2, which was not available at the time of our work. It has also been cited

for displaying methods that can be used to shed light into genetic alterations?¢8:269,

The second article (Chapter 5) addresses objectives OB2 (to study the diversity of TE
insertions in the human genome) and OB3 (to study the diversity of TE deletions in the
human genome). That publication showcased the capabilities of nanopore sequencing to study
TEs. We investigated TE insertions and deletions in a cohort of 24 patients diagnosed with AT
deficiency. Variant callers were selected by their insertion recall with another benchmark. Using
both the selected tools and our own programs, we detected over 7000 TE different insertions,
with coordinates, sequence, and allele frequency within the cohort. To fulfill subobjective
OB2.1 (to create and calibrate a workflow tailored to detect TE insertions), in addition to
the previous analysis, we studied the distribution of insertions across chromosomes, finding
that some chromosomes have regions richer in TE insertions; compared our results with other
cohorts'?149 " discovering that many of the TE insertions we reported were novel ones; and
found that TE most TE insertions occur into other TE sequences. We performed experimental
validation with PCR, confirming the exonic insertions, incomplete insertions, and the ones
found within other elements, discarding the possibility of them being sequencing artifacts.
Gene annotation was performed to fulfill subobjective OB2.2 (to study the genetic impact
of TE insertions). Nearly 4000 genes were found to contain at least one insertion, most of
them on introns (including a pathogenic one on SERPINCT), although we did find 6 TE
insertions in coding sequences. We conducted enrichment analysis on the affected genes, and

found significant present of neuron development genes with Gene Ontology?** and genes related
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to autism with Disease Ontology?*”, autism having been connected to TE polymorphisms3’.

The enrichment process, which supposed tackling subobjective OB2.3 (to study the functional
impact of TE insertions), also included the ontologies KEGG?*, which showcased synapsis,
and NCG?#6. An analogous process of detection and gene annotation was performed for TE
deletions, i.e., deletions carried by samples in the cohort that have similar coordinates and
length to TE sequences in the reference. This showed ~3000 TE polymorphisms that are
present in the reference, but not found universally. This work showed how TE variants can
affect introns, such as the SERPINCI mutation, which is pathological®?, and in exons, where
functional impact is clearer. While it shows the clinical potential of TE studies, backed up by
other works®®, it also points a technical limitation. Two patients carried the TE insertion in
SERPINC1, yet it was only reported in one of them. It remained a false negative in the other
due to sequencing circumstances: only a read with the insertion was sequenced, which stopped
it from passing the minimum read threshold. If coverage on a normal sequencing experiment
improved, this would be less likely to occur. Other researchers have cited this article as an
example of how TE deletions are being studied, and how doing so would improve their own
work?™. It was also used as reference for which distance limit to set when merging variant

271

calls>™, a factor which is not standardized!'®!, and was further explored in our next study. The

benchmark for TE detection has also been informative for another SV work?272.

The third article built upon the process described in the second one. It focused into

252 pipeline that, with minimal input from

objective OB4, presenting Retrosnake, a Snakemake
the user, performs what has been described in the previous work. To further address objectives
OB2 and OB3, we included Sniffles2'4”, which was in preprint during the process of the second
article. We added it as an option and as one of the default callers. We also compared our
workflow with other tools. In our benchmark, Retrosnake performed better than PALMER?!"
and similar to GrafiTE!. In addition, Retrolnspector detects more TE types than PALMER
and is faster (PALMER is known to need over 48 hours per sample?®). Unlike GraffiTE, it
performs gene annotation and enrichment analysis, as an additional feature. A final improve-
ment we included was the option to skip the annotation and enrichment process, so other
versions of the reference genome, currently lacking annotation, such as T2T%, could be used.
Retrolnspector generates both reports with plots and tabulated information, accessible to users
with little bioinformatic experience, as well as standard formats (such as VCF files), for users
able to include them in their own downstream analysis. GrafiTE only produces VCFs (and
graph-based output, if enabled), while PALMER generates poorly documented tabulated text
files. Creating a tool that is both easy to use and install should ease its adoption in molecular
diagnosis, for either AT deficiency or any other genetic disease. Another contribution to the
literature in this work is using a pair of identical twins to explore the effects that distance limit

when merging variants has in accuracy, which, as discussed before, is not an obvious choice®!.

Last, it is worth noting the sample size of our experiments. The cohort for Chapter 4

was smaller, with seven patients. However, it consists of patients from an infrequent disease'®
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who carry rare mutations, which complicates patient recruitment. The cohort for Chapters
5 and 6 are larger, and comparable to other studies, as discussed there. Despite this, they
are smaller than national and international efforts that include thousands of participants!!123.
Since Retrolnspector is efficient and easy to deploy, it should be possible to expand it to a

larger cohort, if we find groups with whom to collaborate.

7.2 — Further work

The topics of this thesis are of current interest to the nanopore and molecular diagnosis com-

munities.

In the field of CNVs, ONT has adopted the tool Spectre, which detects large CNVs by
coverage analysis aided with SNV calls, and lacks, at the time of writing this, an accompanying
peer-reviewed publication?™. This suggests that the current Snifles2 based approach has room
for improvement in real-world applications dealing with CNVs. In Chapter 4, we showcased
how tools underperform with large CNVs, and after applying disCoverage, false positives and
negatives remained present in the results. A reevaluation of the state of the art with this
specific application, including comparison with Bionano’s OGM, could be interesting to address
limitations, and update disCoverage or create a successor tool for CNV analysis. Bionano
would be of particular interest, since it is as very precise method?%?, that is, it has very few

false positives, yet it discovers many more variants than aCGH?53:260,

Regarding TEs, there are already efforts to classify human genetic diversity'’'®0. It is
compelling to use Retrolnspector to create a database of TE insertions and deletions that in-
cludes samples in addition to the extensively used 1000Genomes Project. With a robust catalog
of TE variants, it would also be possible to create an approach to a pangenome. Pangenomes

7100146 Creating a pangenome from

are proposed as the next stage of bioinformatic genetics
such a TE database would allow not only to represent known variants but also the cataloged
allele frequencies (which Retrolnspector generates) and even clinical annotations. An extensive
catalog of TE variants has clinical interests. Currently, it is difficult or not possible to check the
clinical annotation of a TE variant, or even its allele frequency. When looking for new variants
related to complex diseases, or with no molecular explanation, many candidates are present in
the human genome. A simple method to reduce candidates is to check their frequency: if a

variant is common in any given population, it is unlikely to be pathogenic.

In addition to this, TEs are relevant in health for several reasons. For example, Alu-rich

275 and some Alu sequences can bind

genes show increased expression under interferon presence
to an estrogen receptor that acts as a transcription factor?”. When transcribed, Alu RNA can
affect other RNA’s transcription and translation via several mechanisms, including splicing and
miRNA production®””. Alu elements are normally hypermethylated, and thus, its expression is

inhibited, probably due to being very rich in CpG sequences, although they appear demethy-
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lated in tumors?™®. A comparison of newborns and elderly people found more Alu and Mlrs in
the latter?™. SVAs are also hypermethylated, but they contain ceratin motifs that can act as
enhancers of regions nearby their 5’ end?®, an effect that MIRs also have?””. Since methylation
can be analyzed from routine nanopore sequencing, updating Retrolnspector to include methy-
lation analysis would allow testing whether, for example, somatic insertions can act as cancer
drivers, either via producing nonfunctional transcripts or proteins, or by regulating expression.
Some work has been conducted exploring these ideas?®!, but a reproducible framework that
acts at the genomic level could reveal more information, using, for example, the Network of

Cancer Genes?*6,

Besides further research, there is also the possibility of presenting the tools produced in
public forums, such as ONT’s annual conference, London Calling. Retrolnspector has already
caught ONT’s attention, and inclusion into epi2me has been discussed. This would also help

with the recruitment of collaborators for the goals described above.

7.3 — Contributions

7.3.1. Publications Indexed in Journal Citation Report (JCR)

Part of this thesis

o Cuenca-Guardiola, J., de la Morena-Barrio, B., Garcia, J. L., Sanchis-Juan, A., Corral,
J. & Fernandez-Breis, J. T. Improvement of Large Copy Number Variant Detection by
Whole Genome Nanopore Sequencing. Journal of Advanced Research 50, 145-158 (Aug.
2023). Doi: https://doi.org/10.1016/j.jare.2022.10.012.

o Cuenca-Guardiola, J., de la Morena-Barrio, B., Navarro-Manzano, E., Stevens, J., Ouwe-
hand, W. H., Gleadall, N. S., Corral, J. & Fernandez-Breis, J. T. Detection and Anno-
tation of Transposable Element Insertions and Deletions on the Human Genome Using
Nanopore Sequencing. iScience 26. (2023) (Nov. 2023). Doi: https://doi.org/10.
1016/j.1sci.2023.108214.

o Cuenca-Guardiola, J., de la Morena-Barrio, B., Corral, J. & Fernandez-Breis, J. T. Ad-
vanced Analysis of Retrotransposon Variation in the Human Genome with Nanopore
Sequencing Using Retrolnspector. Scientific Reports 15, 14489 (Apr. 2025). Doi: https:
//doi.org/10.1038/s41598-025-98847-7.
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e De la Morena-Barrio, B., Orlando, C., Sanchis-Juan, A., Garcia, J. L., Padilla, J., de
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J. M., Ouwehand, W., Jochmans, K. & Corral, J. Molecular Dissection of Structural
Variations Involved in Antithrombin Deficiency. The Journal of molecular diagnostics:

JMD, S1525-1578(22)00042-3 (Feb. 2022). Doi: 10.1016/3.jmoldx.2022.01.009.

7.3.2. Software contributions

» Variant calling pipeline for nanopore data, related to Chapter 4, and available at https:

//github.com/javiercguard/nanopore_pipeline_ 21.

« DisCoverage, a tool for polishing callsets for large CNVs, which can be installed as a
conda package. Ir is related to Chapter 4, and is available at https://github.com/

javiercguard/disCoverage.

o Scripts for TE analysis. It includes instructions to run the analysis and generate the
callsets for the tool benchmark, but paths require to be edited across scripts. This
code is related to Chapter 5, and available at https://github.com/javiercguard/

teNanoporePipeline.

» Retrolnspector, a pipeline for detection and analysis of TE insertions and deletions. It
is implemented as a Snakemake pipeline, which handles paths and dependencies. All
parameters are listed in a configuration file. Includes documentation of usage, output, and
how to run with a real dataset. It is available at https://github.com/javiercguard/

retroinspector.
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7.4 — Conclusions

This thesis has dealt with efforts to improve the detection and analysis of various types of SVs
in the context of molecular diagnosis, particularly AT deficiency. For this purpose, nanopore
sequencing has been used, exploring its strengths and weaknesses. In addition to addressing
questions of clinical and biological relevance, great effort has been put into making the developed
methods reproducible and reusable, starting with an individual conda package, and ending with

the development of a full pipeline.

During this research, we have made decisions on methodology that have helped other

267,271,272 and have been cited as relevant examples of data examination in the context

268,269

researchers

We have also been metioned for performing research that shows and
270

of SV analysis

addresses a gap in the field of discovering and cataloging TE variants
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7.4. CONCLUSIONS o1

A key factor is the effort we have put into making our research reproducible and reusable.
From conducting benchmarks with public datasets®®12415! that can be rerun by others, to using
standard methods to produce resusable software. This has led to the creation of disCoverage,
which improves CNV detection, a standing limitation in nanopore analysis®®, and Retrolnspec-
tor, a full and versatile pipeline that can perform a complete genomic analysis of TE variants,
with accuracy and speed on par or better than existing alternatives!®!. These methods and the
result of our work are published as open-access articles in peer-reviewed, high impact, journals,

so others can make full use of what has been presented here.
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