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INTRODUCTION 

Human genomes contain variations that had been suspected for a long time but 

only became visible to human eyes about 55 years ago with the introduction of 

chromosome staining using Giemsa dye and the comparative descriptions 

provided by the ISCN standard. Since the adoption of this staining method (also 

known as the banding method), progressively newer and better techniques have 

been developed. Each new method has contributed additional insights to our 

understanding of the distribution of various types of genetic variation among 

humans and human populations, as well as differences between healthy indi-

viduals and those affected by diseases. 

Sequencing the entire human genome, along with its assembly, was once 

technologically impossible, and partial sequencing was prohibitively expensive. 

As a result, over the past 20 years, research focus shifted to DNA microarray-

based technologies, which allow for the identification of many single nucleotide 

variations. These microarrays have been used to describe disease-associated loci 

and human ancestry through statistical analyses of variation combinations de-

tected using these chips. Such calculations have relied on thousands of popu-

lation-descriptive sequencing datasets generated using the short-read method. 

Today, sequencing data from over a million samples worldwide are available. 

Currently, there is a paradigm shift in whole-genome sequencing from short-

read to long- and ultra-long-read technologies. The short-read method cannot 

reliably detect tandem repeats or gene conversion-related repetitive sequences, 

which are characteristic of certain mutations. Additionally, aligning short reads 

presents challenges in poorly described genomic regions, though these can some-

times be analyzed using k-mer frequency methodologies if the regions carry bio-

logically or locationally informative signals. While short-read sequencing gene-

rates a composite view of both sister chromosomes, it can still yield meaningful 

insights when the summed genotype aligns with the observed phenotype. 

The advantages of long reads are particularly evident in the analysis of STR 

(short tandem repeats), VNTR (variable number tandem repeats), and CNV (copy 

number variation) patterns. Long reads provide both the exact number of repeats 

and the haplotype information for the chromosomal region, which are often 

difficult to reconstruct using population-based tagSNP combinatorics typical of 

short-read alignment. This limitation arises because copy numbers of repeats 

mutate independently in tandem arrays, and not all structural variations (SVs), 

such as translocations and mobile element insertions (MEIs), have been fully 

mapped. 

Ultra-long-read technologies have further advanced the ability to determine 

sequences in the most technically challenging genomic regions, such as satellite 

sequences in heterochromatin and centromere areas. These regions, characterized 

by extremely high numbers of tandem repeats, were previously difficult to resolve. 

Now that the positions of satellite sequences in the genome have been mapped, 

short reads can become more informative due to fixed and non-fixed mutations 
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within these sequences. For example, the most common motif in the human 

genome, heterochromatic (TTCCA)n, is abundant on the Y chromosome and on 

chromosomes 1, 9, and 16. These sequences contain mutations dating back millions 

of years and can serve as markers for describing genetic variation, especially in 

cases where recombination between the heterochromatic regions of the two sister 

chromosomes has been minimal. 

The first part of this thesis provides a historical overview of methods used to 

detect genetic variations over the past 55 years, tracing their evolution alongside 

advances in chemical, physical, and information technology. The second part 

explores the application of k-mer-based methods for detecting variation using 

short reads, where reads were analyzed without prior alignment to the human 

reference genome. 
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1. REVIEW OF THE LITERATURE 

1.1. Brief history of DNA-based human variation discovery 

During the early 20th century, human chromosomes remained largely unexplored, 

with estimates of chromosome count varying between 16 and 48 (Ferguson-

Smith, 2015). Speculations surrounding the diploid cell chromosome count was 

definitively resolved in 1956, when Tjio and Levan demonstrated a count of 46 

(Tjio and Levan, 1956). 

One lingering question pertained to the size and composition of the human 

genome. The advent of chromosome banding techniques around 1969–70 marked 

a pivotal innovation in cytogenetics (Ferguson-Smith, 2015). These techniques 

revealed distinct darker and lighter regions along chromosomes, known as bands. 

Various banding methods emerged, with Q-banding being the first, relying on 

quinacrine mustard and quinacrine dihydrochloride to generate a fluorescent 

banding pattern. G-bands, produced with a Giemsa dye mixture, closely re-

sembled Q-bands, while reverse-stained methods created R-bands. Additionally, 

C-staining targeted heterochromatin, T-staining focused on telomeres, and NOR-

staining highlighted nucleolus organizing regions. 

The subsequent query revolved around variability between sister and homo-

logous chromosomes in closely related species. Studies utilizing Q- and C-band 

localizations in newborns revealed greater chromosomal variation in human 

populations than previously believed. Notably, chromosomes 3, 4, 13, 14, 15, 21, 

and 22 exhibited variable band intensities in specific regions. Pericentric inver-

sions in chromosome 9 were also observed (McKenzie and Lubs, 1975). Com-

parisons of ancestral karyotypes across humans, chimpanzees, gorillas, and oran-

gutans identified pericentric inversions as the most common type of chromosome 

rearrangement (de Grouchy et al., 1972). 

However, these initial studies were not exhaustive, prompting more detailed 

reviews (Mitchell and Gosden, 1978). Subsequent inquiries focused on pheno-

type determinations, such as identifying disease-causing variants and selecting 

variants for evolutionary studies. 

Before the Human Genome Project, chromosome banding stood as the sole 

universal method for comprehensive genome analysis. Over the years, geneticists 

accumulated more data, enabling them to pose increasingly nuanced questions. 

The culmination of these efforts came in the last decade of the 20th century 

with the Human Genome Project, aimed at creating a physical map of chromo-

somes with nucleotides precisely positioned in the reference genome with 1 bp 

accuracy. Chromosome painting offered an accuracy of 1 million bp, while 

linkage-based accuracy depended on recombination events, marker counts, and 

heterozygosity rates, with marker distances measured in centimorgans (cM). 

Variations in the human genome, stemming from various mechanisms, vary 

in size and mutation rate. Despite advancements in NGS methods, which can 

sequence up to 4 million bp with a 15% error rate in a single read, challenges 
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persist in navigating the most complex tandemly repeated sequences in the human 

genome, although sophisticated error repair tools for ultra-long reads offer 

promise (Koren et al., 2017). 

 

 

1.2. Variations in the human genome 

The human genome is dynamic, with variations originating from either germline 

or somatic cells. The mutation rate per cell division is likely similar for both types. 

Germline variations are more predictable because they are often shared among 

many people, and over time, more of these mutations are identified. In contrast, 

somatic mutations are primarily discovered through the study of disease-causing 

variations and typically affect only certain parts of an organ rather than the entire 

body. Variations can occur in coding sequences or in non-coding sequences, 

sometimes referred to as “junk” DNA. However, we do not yet know if these 

“junk” sequences have any significant function over a human’s lifetime. 

Variation may be classified on various bases, such as a) known biological 

meaning, b) variant length, c) whether bi- or multiallelic, d) the mechanism creating 

the variation. Variations may cover only 1 nucleotide or as many as millions of 

nucleotides. The most variable feature in everyone is the size of the genome. 

The smallest variations in length include single-nucleotide substitutions, 

single-nucleotide deletions, and single-nucleotide insertions. The most widely 

studied variations in genetic research are single-nucleotide polymorphisms (SNPs). 

On average, the diploid human genome contains 3.53 to 4.65 million differences 

compared to the reference genome, depending on the population (The 1000 

Genomes Project Consortium et al., 2015; Byrska-Bishop et al., 2022). At birth, 

each child carries approximately 45 new mutations, each with a length of 1 bp. 

Two-nucleotide-long insertions and deletions are less common but are readily 

identified and genotyped. 

Less-studied variants are short tandem repeats (STR) and variable number 

tandem repeats (VNTR) because of short-read sequencing technology. In studies 

of 6,487 WGS samples, 366,013 polymorphic STRs were found (Shi et al., 2023). 

STRs have a motif length of 2–6 base pairs (bp), and VNTR 7-100...150 bp, and 

STR analysis is used when they are located in euchromatin. Tandemly repeated 

sequences in heterochromatin are named satellite sequences, and their length 

together is impressive. Probably all tandemly repeated sequences in the human 

genome are multiallelic in their copy numbers, which means that the mutation 

rate is much higher than in biallelic variants: there should be a reason for this, 

and the likely reason is repeated sequences and motifs. 

Very large mutations like complex chromosomal translocations and deletions 

are, in most cases, lethal. Inversions and translocations, however, probably affect 

only fertility in the next generation. Repeated sequences are transposable elements 

like Alu (Batzer and Deininger, 2002), Line, SVA, and PP or sequences which 

are not ‘jumping’ in nature, such as STR, VNTR, and CNV. Transposable elements 

are biallelic. A new Alu element insertion happens in every 21 live births, a Line 
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element in every 212 and SVA elements in every 916 (Xing et al., 2009). Pro-

cessed pseudogene (PP) insertion (Abyzov et al., 2013) frequency has not been 

calculated, but there are numerous publications describing insertions not featured 

in reference genomes (also in the Pangenome section). Discovering pipelines 

found 55 new PPs in the 1KG project (2500 individuals) and 13 in SweGen 

samples (1000 individuals). Swedish samples found 806 insertions in individuals 

and only 4 of them (inc. HLA-DRB1, 3 cases) were found in 7 individuals (Ten 

Berk De Boer, Bilgrav Saether and Eisfeldt, 2023). One class of repeated se-

quences is satellite sequences, which are mainly located near telomeres or centro-

meres, both of which also contain repeated motifs with lengths of 5 or 6 bp. 

Satellite sequences in centromeres are tandemly repeated with motif lengths of 

approximately 171 bp (Suzuki, Myers and Morishita, 2020). Full-length sequences 

of centromeres with variable lengths have become available very recently, and 

the splitting time of old branches has been dated back 1.4 million years (Logsdon 

et al., 2024). It is clear that every centromere evolves independently, as very few 

recombination events have been detected. Additionally, a 4.1x higher mutation 

rate has been found in centromeres compared to regions outside centromeres.  

Mutations may occur when DNA polymerase incorporates a wrong nucleotide 

during synthesis, during double-strand break (DSB) repair, or in recombination 

events during germline cell divisions. As more and more samples are sequenced 

on a whole-genome scale, initiatives like the All of Us Research Program have 

identified over 1 billion sequence variants in 245,388 participants. Of these, 

275 million variants were previously unreported, and 3.9 million of these have 

coding consequences (The All of Us Research Program Genomics Investigators 

et al., 2024). 

Mutation rate frequencies and size plots from 2006 were created before next-

generation sequencing (NGS) platforms came into use, so frequencies were 

calculated from fractions of markers and individuals (Figure 1). The number of 

de novo mutations per birth depends on the ages of the parents, with an average 

of 35 mutations coming from the father and 10 from the mother (Goldmann et al., 

2016). 
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Figure 1. Different types of human variation differ in their length and mutation rate per 

live birth (modificated, Freeman, 2006). Structural variants (SVs) (Feuk, Carson and 

Scherer, 2006) are shown in the skin-colored areas. The pink-colored areas represent 

inserted variations that are located randomly in the human genome and were identified 

before the NGS era in somatic cancer samples. The red area represents SNPs, which are 

the markers most commonly used in human genome studies. The gray areas mark 

tandemly repeated sequences, which are less studied due to the limitations of sequencing 

technologies. New HERV insertions are extremely rare, and no scale number is available 

for HERVs. 

 

 

1.3. Mapping of human chromosomes 

A chromosome map serves as the cornerstone for unraveling and characterizing 

the intricacies of chromosome variability. Its construction draws upon a tapestry 

of historical knowledge, aimed at addressing specific inquiries by scrutinizing 

disparities within variable chromosome regions or the distances separating them. 

Various types of maps employ distinct methodologies: the cytogenetic map 

employs ideograms depicting G-banding patterns, while the recombination map 

relies on recombination frequencies among utilized markers (Figure 2). The 

radiation hybrid map, on the other hand, gauges the frequency of radiation-

induced breaks between sequence-tagged sites (STS), and the physical map 

quantifies distances in nucleotides between studied loci. 

These maps are interconnected with physical maps, wherein each marker pos-

sesses an exact or approximate position from the chromosome p-arm telomere. 

Platforms housing human genetic data, such as dbVAR, Ensembl, and UCSC 
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browsers (see WEB resources), prioritize the inclusion of cytogenetic bands 

alongside genetic information annotations. These annotations are crafted with the 

aid of the cytoband file format, an outgrowth of the endeavors following the 

creation of the human chromosomes physical map (Figure2, BAC Resource 

Consortium et al., 2001; Wang and LaFramboise, 2019). 

 

 

Figure 2. Genome size can be measured in centimorgans, chromosome band-length count 

or number of base pairs in length for all chromosomes. 

 

1.3.1. Cytogenetic map 

The cytogenetic map consists of standard, or reference, ideograms of chromo-

somes created using stained standard metaphase chromosomes. These chromo-

somes are visually examined under a microscope, revealing a continuous series 

of bands with no banded areas. Banding level standards, including 300, 400, 550, 

700, and 850, are determined based on the number of bands in the haploid 

chromosome set of 22 autosomes and the X and Y chromosomes (see Figure 3). 

High-resolution banding techniques may be employed at different stages of the 

cell cycle, using methods that induce premature chromosome condensation. 

Bands ranging from 550 to 850 are typically sufficient for practical purposes, as 

they allow for the visualization of large variations through comparison. 

Regions and bands are numbered from the centromere outward along chromo-

some arms. The band number should include the chromosome number, the arm 

symbol (p or q), the region number, and the band number within the region. 

Centromere numbers are designated as p10 and q10, although they are not pre-

sented on the map. Pericentromeric heterochromatin regions of all chromosomes, 

short arms of all acrocentric chromosomes, and regions such as 1q12, 3q11.2, 
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9q12, 16q11.2, 19p12, and 19q12 vary in length. Telomeres consist of 5 to 

20 kilobases (kb) of tandem hexanucleotide (CCCTTA)n minisatellite repeats and 

stain darkly with T-banding (International Standing Committee on Human 

Cytogenomic Nomenclature et al., 2020). 

 

 

Figure 3. Banding pattern of human chromosomes ISCN 2020 (International Standing 

Committee on Human Cytogenomic Nomenclature et al., 2020). 

 

1.3.2. Genetic map 

The genetic map is established based on the distances between two loci, defined 

as the anticipated number of crossovers occurring on a single chromosome 

between these loci, measured in Morgans. One centimorgan (1 cM) signifies one 

recombination event between two loci in a generation. The recombination rate 

describes the number of recombination events per one million nucleotides 

(cM/Mb). Regions with more recombination events typically exhibit higher 

recombination rates. The sum of all distances contributes to the total genome 

length (Figure 2). 

Historically, the recombination map provided statistical insights into the 

minimal number of individuals required for mapping, particularly for Mendelian 

inherited diseases primarily caused by single genes. Constructing a genetic map 

necessitates a 3-generation family or families with a considerable number of 

siblings. The quality of the map depends on the count and informativeness of the 

markers used. In the case of multiallelic markers, informativeness stems from the 

rate of heterozygosity, indicating the average heterozygous calls per individual, 

whereas for biallelic markers, it comes from the minor allele frequency (MAF). 

In both scenarios, a higher value indicates greater informativeness. 
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The pattern of recombination rate is sex-specific (Kong et al., 2002), popu-

lation-specific (Spence and Song, 2019), breed-specific in cattle (Shen et al., 

2018), and individual-specific (Broman et al., 1998; Dréau et al., 2019). Creating 

whole-genome coverage of individual-specific recombination maps is costly, and 

it is even more expensive to repeat the process multiple times to ensure statisti-

cally validated experiments. Mice have had individual maps created from 27,710 

recombinant molecules using the ReMIX method and Illumina sequencing 

technology. 

The most recent accurate recombination map resolution achieved an average 

of 682 bp from 4.5 million crossover events, with a sex-averaged genome length 

of 3391 cM (Halldorsson et al., 2019). 
 

1.3.3. Physical maps 

At the core of the human genome lies the chromosome physical map, a sequence 

of nucleotides extending from the telomere of the p-arm to the last nucleotide of 

the q-arm, with each base pair assigned coordinates counted from the end of the 

p-arm (Figure 2). The most prominent physical maps include the human reference 

genome, constructed during the Human Genome Project (International Human 

Genome Sequencing Consortium et al., 2001), and the Celera assembly (Venter 

et al., 2001), developed concurrently. Over the past 20 years, the reference genome 

created by the Human Genome Project has been refined for greater accuracy and 

reduced gaps. However, limitations in Sanger sequencing technology mean that 

sequencing reads with lengths of approximately 1000 base pairs are insufficient 

for constructing an ideal physical map of the human genome. Gaps resulting from 

repeated sequences are filled with “N” placeholders and lack biological anno-

tations. Once the primary map is established, various population-specific physical 

maps emerge, albeit as clones with minor variations.  

The Telomere-to-Telomere (T2T) consortium has invested six years in creating 

new human physical maps without gaps, primarily using sequencing methods 

such as Pacific Biosciences and Oxford Nanopore (Nurk et al., 2022). The newly 

built reference genome CHM13 gives a first view of the most difficult satellite 

regions for sequencing and assembling through technological capture of centro-

mere regions (Altemose, 2022). With established genome references, precise 

coordinates can be assigned to variations present in individual genomes for a 

given version. 

 

1.3.4. Pangenomes 

A pangenome refers to every genome constructed from multiple individuals, but 

the latest concept of the pan-genome suggests that when mapping Next-Gene-

ration Sequencing (NGS) reads, each read is integrated within graph-based pan-

genomes. This differs from using a standard reference genome, which functions 

as a single linear physical map with gaps. Pangenome graph construction starts 

with finding similarities in input genomes sequenced with long-read sequencing 
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methods and it is fundamental to add broad variability of indiviuals from different 

populations in that step. Pangenome graph increases the accuracy of variant 

calling and genotyping in resequencing projects because of improved mappability 

(Hickey et al., 2024; Sirén et al., 2024). Several pangenomes exist for humans, 

with one of the most ambitious projects compiling 350 phased, diploid genomes 

representing diverse global populations (Liao et al., 2023). 

For example, the addition of the first 47 genomes revealed 119 million base 

pairs (bp) of sequence and identified 1,115 gene duplications compared to the 

GRCh38 reference (Liao et al., 2023). Similarly, 58 samples from 36 Chinese 

populations contributed 189 million bp and uncovered 1,367 gene duplications 

compared to GRCh38. Additionally, this effort identified 5.9 million small variants 

and 34,223 structural variants which were previously undocumented (Gao et al., 

2023). 

In another instance, the Arab pangenome, derived from 43 individuals of 

various ethnicities, revealed an additional 101 million bp and 838 gene dupli-

cations not found in GRCh38 (Uddin et al., 2023). Furthermore, the Aboriginal 

pangenome project adopted a unique approach, focusing on mutations based on 

variant types. They underscored the challenges of using different reference ge-

nomes by emphasizing variant analysis and the complexities involved (Reis et al., 

2023).  

 

1.3.5. Gene mapping 

Gene mapping results in what is also known as a gene map, but at a personal 

level. While the recombination map is population-based, the gene map may 

contain variations discovered from cytogenetic or molecular methods specific to 

one individual. Two main standards are used: ISCN for personal karyotype 

(International Standing Committee on Human Cytogenomic Nomenclature et al., 

2020) and VCF (Variant Call Format) for variants detected from next-generation 

sequencing data or microarray (Danecek et al., 2011). 

Since most human genomes are similar, the gene map only describes positions 

that differ from the reference. The ISCN standard describes differences from the 

normal karyotype or ideogram with broad examples of various mutations and 

arrangements (International Standing Committee on Human Cytogenomic 

Nomenclature et al., 2020). For instance, a karyotype with Down syndrome due 

to trisomy 21 is described as 47, XY, +21, or with Robertsonian Translocation as 

46, XX, der(13;21)(q10;q10), +21. Chromosome inversion is denoted as 46, XX, 

inv(9), (p11q13), and increased length of heterochromatin on the long arm of 

chromosome 16 as 46, XX, 16qh+. Notably, significant differences in banding 

are often associated with phenotypes, such as in sub-fertile couples with karyo-

types 46, XX, 16qh+ and 46, XY, inv(2)(p11q13),inv(9)(p11q13) (Srebniak 

et al., 2004). 

In contrast, a VCF file is a text file containing meta-information lines, a header 

line, and data lines, with information on the position of the reference sequence(s) 

(Danecek et al., 2011). It primarily displays biallelic SNP and short INDEL data, 
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while other mutations like multiallelic STR or VNTR and SV are more complex 

for visual inspection. The VCF file is the final step of the genotyping pipeline in 

WGS or microarray signal intensity processing, combining variations found in 

millions of positions into a single file. During post-processing, variant positions 

with low quality are filtered out, and the entire process is automated and stan-

dardized. 

While the VCF file provides variation information in fine detail, NGS methods, 

except for Oxford Nanopore, have limitations compared to ISCN, especially in 

regions with repeated sequences. Even different assemblies yield different sizes, 

as seen with band 6q21 (Liehr, 2021). The ISCN2020 standard has introduced 

microarray-based nomenclature, such as arr(X,1-22)x2 for normal females and 

arr(X,Y)x1,(1-22)x2 for normal males. Loss of a chromosome region is described 

as arr[GRCh38]4q32.2q35.1(163,146,681_183,022,312)x1, and sequence-based 

nomenclature for duplication as seq[GRCh38]dup(8)(q24.21q24.21)NC_ 

000008.11:g.128746677-128749160dup (International Standing Committee on 

Human Cytogenomic Nomenclature et al., 2020). 

 

 

1.4. Molecular methods for describing variations in 

the human genome 

Each of the main methods for discovering and describing variants in the human 

genome throughout time has its own scale and resolution (Table 1). Next-

Generation Sequencing (NGS) provides comprehensive coverage of the genome, 

enabling the detection of various types of variants, such as Single Nucleotide 

Variations (SNPs), short Insertions and Deletions (indels), structural variants, and 

Copy Number Variations (CNVs). Microarrays are suitable for detecting pre-

viously known mutations and population-specific haplotypes linked to them. 

Painting is particularly useful for identifying large-scale de novo mutations that 

are not present in pangenomes and chromosome-copy number changes. NGS 

Ultra-long Reads can identify large-scale de novo mutations due to their ability 

to generate long sequencing reads, offering a more comprehensive view of the 

genome. 

 
Table 1. Main methods for discovering and describing variants with mutation length, 

resolution and detected variant types. 

Method Scale Resolution Variants 

Painting Genome 10Mb +10Mb SV 

Sanger sequencing 1kb 1bp SNP, STR, VNTR, breakpoints for SV 

PCR (+Sanger or gel) 1kb to 25kb 1bp to 1kb SNP, STR, VNTR 

FLA 25kb Motif copy STR, VNTR 

Microarrays 1bp 1bp SNP, CNV 0-4x 

NGS Genome 1bp All variants 
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There are other methods for chromosome-scale variation detection, such as Bio-

nano Inc.’s optical genome mapping (OGM) and Fluorescence In Situ Hybridi-

zation (FISH), but they are like microarray detection on the basis of a reference 

genome with appropriate painting. 

 

1.4.1. Chromosomes painting 

In 1971, Seabright developed a chromosome banding method where, after a brief 

treatment with trypsin, chromosome preparations are stained with Giemsa stain 

(Figure 4). The preprocessing of chromosomes involves a 72-hour culture of 

peripheral blood cells. Groups of 12 to 30 mitotic chromosomes are studied under 

the microscope and described according to the ISCN (International Standing 

Committee on Human Cytogenomic Nomenclature et al., 2020) standards This 

process is routinely used to detect cancer and chromosomal abnormalities. In the 

Human Pangenome Project (Liao et al., 2023), cell lines are monitored for 

mosaicism, and relevant data are documented in the Coriell Institute’s sample 

descriptions. 

 

 

Figure 4. Chromosome painting results are karyotypes based on 20 chromosome clusters, 

evaluated visually (A, one cluster) and after collecting them in order (B). The author’s 

karyotype is 46,XY in the figure.  

 

Chromosome banding and karyotyping are time-consuming processes, and auto-

mation is increasingly replacing manual efforts for chromosome grouping (Gregory 

and Maher, 2010). Recent advancements in AI have the potential to streamline 

this work further, allowing lab workers to focus on verifying the results instead 

of manually grouping chromosomes, ranging from 12–30 to all chromosome sets 

(Bokhari et al., 2022). 
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1.4.2. Sanger sequencing 

The initial Sanger sequencing method uses restriction fragments from ɸX174 

DNA as a primer and radiolabeled dideoxynucleosides in four parallel channels 

within an acrylamide gel (Sanger and Coulson, 1975). After its commercializa-

tion by Applied Biosystems in 1986, Sanger sequencing became the most widely 

used sequencing method. It played a crucial role in the Human Genome Project. 

Even today, Sanger sequencing is necessary for evaluating certain mutations 

detected by NGS platforms (Figure 5), which are not suitable for PCR. The Sanger 

sequencing method is based on incorporating fluorescently labeled ddNTPs into 

a dNTP mix, and detecting them in the order of the template, primarily using 

capillary electrophoresis. 

 

 
A. 

 

 
B. 

Figure 5. Sanger sequencing graphical views for ATP8 gene fragment. A. The 

sequencing output consists of fluorescent dye signal intensity graphs for four channels, 

as detected by the sequencer. Each channel corresponds to one of the four nucleotides (A, 

T, C, G), and the intensity of the fluorescent signals represents the presence of each nu-

cleotide in the sequence. B. The BioEdit program provides a visual representation of the 

sequencing data, highlighting differences between individuals. Each nucleotide is color-

coded, making it easy to identify and compare variations in the sequences. Experiment 

design, analysis, and graph by author, 2016. 
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1.4.3. PCR with agarose gel 

With PCR and gel electrophoresis, the length of PCR products can be detected. 

For size detection, a DNA ladder is used to estimate the size of the products. 

Differences in product size can arise from several factors: 

• Restriction Fragment Length Polymorphism (RFLP): This method detects 

SNP alleles that affect the cutting sites of restriction enzymes. 

• Detection of Deletions: Deletions up to 5 kilobase pairs (kb) can be detected 

using the same PCR primer pairs (Figure 6). 

• Copy Number Variations: Differences in the number of Short Tandem 

Repeats (STR) and Variable Number Tandem Repeats (VNTR) motifs. 

• Primers Near Deletion Breakpoints: Using PCR primers close to larger 

deletion breakpoints can identify significant deletions. 

 

PCR is commonly used to validate the results of next-generation sequencing 

(NGS) projects. It is especially useful for sampling a limited number of poly-

morphic loci when manual evaluation is feasible. 

 

 

Figure 6. Using PCR, the presence of the Alu element can be detected by comparing the 

lengths of PCR products in two individuals. Size markers and negative control are 

included in the analysis. An upper band indicates the presence of the Alu element. A 

lower band indicates the absence of the Alu element in a homozygous state. The presence 

of two bands, with a size difference of approximately 300 bp, indicates a heterozygous 

state. This experiment and the accompanying photographs were conducted by Kadri Maal 

in 2019. 

 

1.4.4. Fragment length analysis 

Fragment length analysis allows the separation of DNA fragments by size, which 

can then be compared with a standard size marker included in every run (Figure 7). 

Various instruments are used for this purpose, and multiple samples can be 
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analyzed simultaneously if their DNA fragment sizes allow for differentiation. 

This method is particularly effective for typing STR and VNTR copy numbers. 

It is preferable from gel electrophoresis when the repeated motifs are shorter, and 

the copy number variations are within a lower range. For instance, the DRD4 and 

MUC20 VNTRs are located in coding regions, with the copy numbers of their 

repeated units being 2–11 times 48 bp and 2–6 times 57 bp (Lichter et al., 1993; 

Higuchi et al., 2004). 

 

 

Figure 7. The upper graph illustrates DRD4 alleles with a 3/6 combination (blue peaks), 

while the lower graph shows a 3/7 alleles combination (blue peaks). Red peaks represent 

the size markers used for reference. The MUC20 variant detection is not included in this 

analysis. The experiment design, analysis, and graph were created by Maris Laving in 

2018. 

 

1.4.5. Microarrays 

Microarrays are primarily used to enhance the power of genome-wide association 

studies (GWAS), identify disease-causing variants, and conduct comparable 

analyses in cancer-control hybridization profiles. In this context, we focus on 

arrays that detect only one nucleotide in a single run (Figure 8). This detection 

involves identifying the nucleotide adjacent to the probe attached to the solid 

surface. Over the past 20 years, significant technological advancements have 

enabled the genotyping of over 4 million scientifically relevant positions in the 

human genome. A comparison of 28 commonly used microarrays revealed that 

up to 60% of known CYP2D6 alleles, almost 100% of Class I HLA alleles, but 

only 50% of Class II HLA alleles can be accurately called after imputation 

(Verlouw et al., 2021).  

In principle, a k-mer functions similarly to an attached probe on an array, 

where the signal intensity corresponds to the k-mer frequency. The k-mer fre-

quency provides more “bits” of information, especially after signal oversaturation 

in the scanner, since the light for each spot is consistent during the run. Diffe-

rences in microarray signal intensities allow for the prediction of chromosome 

region copy numbers, ranging from single-copy region deletions to duplications 

of both chromosome regions, i.e., 0-4x (Emanuel and Saitta, 2007).  
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Figure 8. The pseudo-colored representation of chromosome 22 using the Asper 

Biotech’s AS APEX microarray by Genorama employs four channels to indicate nu-

cleotide presence: A (yellow), C (red), G (green), and T (blue). Signals are duplicated, 

and data from both DNA strands are utilized. Heterozygous signals appear as a mixture 

of colors, reflecting the presence of different nucleotides at that position. This visual 

representation combines wet lab PCR work with image processing, as conducted by the 

author in 15th of September 2000. 

 

1.4.6. Next-generation sequencing 

Next-generation sequencing (NGS) refers to advanced sequencing methods that 

arose following the commercialization of high-throughput capillary Sanger se-

quencing systems. These methods are categorized into two generations based on 

read length: second generation, known for producing short reads, and third gene-

ration with long-read technologies. 

Illumina NGS exemplifies second-generation sequencing and has become the 

predominant technology in use today. It enables sequencing of DNA fragments 

up to 250 base pairs in length from both ends of inserts. The workflow is highly 

efficient and user-friendly, supported by optimized kits tailored for diverse appli-

cations. While Illumina platforms generate short reads, paired-end sequencing 

can facilitate the detection of insertions and deletions within reads, albeit longer 
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structural variations may be overlooked. The output of sequencing instruments, 

measured in base pairs per run, varies depending on instrument specifications, and 

there are discrepancies across different models (Reuter, Spacek and Snyder, 2015). 

PacBio represents a third-generation NGS technology that employs single 

molecule real-time sequencing detection. Historically, until 2019, it utilized 

Continuous Long Reads (CLR), characterized by a high error rate of around 15%. 

These errors were primarily due to indels resulting from variations in polytrack 

lengths. Since 2019, PacBio has transitioned to HiFi (High-Fidelity) technology. 

This advancement involves sequencing the same DNA insert, averaging 

15 kilobase pairs in length, multiple times using special adapters. This approach 

generates a consensus circular sequencing read with an error rate close to zero, 

significantly enhancing accuracy compared to previous CLR methods. In addition 

to its improved accuracy, PacBio HiFi technology also provides methylation 

information, offering researchers valuable insights into epigenetic modifications 

alongside sequence data. 

Oxford Nanopore Technologies (ONT), another third-generation sequencing 

technology, distinguishes itself with its remarkable sequencing capabilities that 

do not rely on DNA polymerases and DNA labeling. Despite having an error rate 

similar to PacBio CLR reads, ONT can generate reads exceeding 4 million base 

pairs in length. This is made possible by employing duplex-read technology, where 

sequencing of one DNA strand is followed by sequencing of the same insert on 

the complementary strand. This approach reduces the error rate to approximately 

0.5%, while achieving a maximum read length of 400 kilobase pairs. ONT’s 

strengths are particularly evident in applications requiring de novo assembly of 

species with large genomes and high repeat consistency at the chromosome level. 

Additionally, ONT technology holds significant potential for real-time detection 

of DNA and RNA modifications; it can distinguish between nucleotides with and 

without modifications, providing insights into epigenetic variations. Moreover, 

ONT platforms facilitate variant calling during sequencing, enabling rapid and 

confident diagnosis in clinical settings. This capability enhances the utility of 

ONT for diverse research and diagnostic applications, leveraging its long read 

lengths and advanced detection capabilities. 

 

 
Figure 9. In human NGS sequencing, three main strategies are commonly employed: high 

coverage sequencing, low coverage sequencing, and capture-based sequencing.  
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High Coverage Sequencing (>20x): This strategy involves sequencing the ge-

nome at a high depth, meaning each base pair is sequenced multiple times. High-

coverage sequencing provides comprehensive and accurate data, particularly 

useful for detecting variants with high confidence. It ensures robust coverage of 

both unique and repetitive regions of the genome (Figure 9).  

Low-Coverage Sequencing (<1x): Conversely, low coverage sequencing 

involves sequencing the genome at a lower depth, with each base pair being 

covered fewer times. This approach is more cost-effective and faster than high 

coverage sequencing but may sacrifice accuracy and sensitivity, especially for 

detecting rare variants or structural variations (Figure 9).  

Capture-Based Sequencing: This method involves enriching specific geno-

mic regions of interest before sequencing. In the context of chrY chromosome 

capture, for instance, only the targeted regions are sequenced, which allows for 

precise calculation of sequencing depth in those regions. Sequences of a repetitive 

nature are typically excluded from capture-based approaches, ensuring a focused 

analysis on specific genomic loci without interference from repetitive elements 

(Figure 9). 

Long-read methods enable hidden variants to be found when previous stan-

dard sequencing platforms do not work because of complex repeated sequences 

(Fadaie et al., 2021).  

 

 

1.5. Software for analysis of NGS data 

In the analysis of sequence reads, the choice of software often depends on 

whether researchers are discovering new sequences or already know the origin of 

the reads. The length of the reads and overall length of the genome are critical 

factors influencing this decision. 

Discovering New Sequences (De novo Assembly): De novo assembly is 

preferred when the reads are long enough (typically hundreds to thousands of 

base pairs). This method constructs the entire genome or transcriptome sequence 

from scratch without relying on a reference sequence. Long reads simplify the 

assembly process by bridging repetitive regions and complex genomic structures 

more effectively. 

Mapping to a Reference Genome: When reads are shorter, typically up to 

150 base pairs, mapping to a reference genome or transcriptome is commonly 

employed. This approach aligns the short reads to a known reference sequence to 

determine where they originated from. Mapping allows researchers to identify 

genetic variations, such as single nucleotide polymorphisms (SNPs) and small 

insertions/deletions (indels), relative to the reference sequence. 
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1.5.1. de novo assembly 

De novo assembly involves constructing longer nucleotide sequences by piecing 

together overlapping shorter sequences. Several software programs are designed 

for this purpose, each with its own approach and capabilities. For short reads, 

notable assemblers include SPAdes (Bankevich et al., 2012) and Velvet (Zerbino 

and Birney, 2008). Velvet, initially developed during the early days of NGS, 

when reads were typically 25–50 base pairs, utilizes de Bruijn graphs. In simu-

lations with prokaryotic data, Velvet achieved an N50 length of up to 50 kb, while 

on simulated mammalian Bacterial Artificial Chromosomes (BACs), it reached a 

3 kb N50 length. As NGS read lengths have increased, newer assemblers have 

demonstrated improved performance in achieving gapless de novo assemblies of 

mammalian genomes. 

A significant challenge in de novo assembly arises from tandemly repeated 

sequences found in diploid eukaryotic genomes. To overcome this hurdle, it is 

crucial to use reads that are as long as possible and derived from homozygous 

genomes. An exemplary application of this approach is seen in assembling the 

human cell lines CHM1 and CHM13 centromeres, where high-coverage (66x 

PacBio and 98x ONT) long reads were generated (Logsdon et al., 2024). For 

chromosomes 2, 7, 9, and 20, the hifiasm (see WEB resources) assembler was 

utilized, achieving comprehensive assembly. For other chromosomes, a strategy 

involving Singly Unique Nucleotide k-mers (SUNKs) was employed to barcode 

PacBio reads and link them with ultra-long ONT reads carrying similar barcodes, 

facilitating their bridging in assembly processes.  

 

1.5.2. Mapping the reads to the reference genome, 

calling variants, visualizing 

After completing a de novo assembly to create a reference genome for a species, 

subsequent sequencing projects often involve mapping new sequencing reads 

onto this assembly. This reference genome serves as a baseline for comparison and 

further analysis. 

One of the most widely used pipelines for mapping and variant calling is the 

Genome Analysis Toolkit (GATK). GATK is particularly optimized for processing 

data from short reads generated by platforms like Illumina. Here’s how the GATK 

pipeline typically operates (Figure 10): 

1. Mapping: Individual sequencing reads (in FASTQ format) from each sample 

in the project are aligned or mapped to the reference genome using alignment 

tools such as BWA or Bowtie. 

2. Variant Calling: After mapping, variants (e.g., SNPs, indels) are identified 

by comparing the mapped reads to the reference genome. GATK employs 

sophisticated algorithms to accurately call variants while considering factors 

like read quality and mapping ambiguity. 
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3. Joint Calling: Variants from all samples in the project are jointly analyzed 

and called together. This approach enhances the accuracy of variant calling by 

leveraging information across multiple samples, improving the detection of 

variants that may be present in only a subset of samples. 

4. Quality Control (QC): Variants called by GATK undergo stringent quality 

control checks to ensure reliability. Only variants that meet predefined quality 

criteria are included in the final Variant Call Format (VCF) file. 

5. VCF Output: The final output of the GATK pipeline is a VCF file containing 

the list of variants detected across all samples, along with associated quality 

scores and other relevant information. 

 

Overall, GATK’s robust pipeline facilitates comprehensive variant calling and 

analysis, making it a cornerstone tool in genomics research, particularly for 

projects using short-read sequencing data from platforms like Illumina. 

 

 

Figure 10. GATK4 Pipeline contains numerous steps, picked with QC-s. Input is FASTQ 

files and output is VCF file (WEB resources, GATK4, pipeline section). 

 

As Oxford Nanopore Technologies (ONT) and Pacific Biosciences (PacBio) are 

distinct sequencing platforms, their mapping and variant-calling pipelines are 

tailored to accommodate their unique characteristics. ONT sequencing data 

analysis tools and pipelines are often consolidated and accessible through plat-

forms like EPI2ME (see WEB resources). These platforms offer integrated solu-

tions for base calling, mapping, and variant calling, streamlining the workflow 

for ONT users. For PacBio sequencing data, the HiFi-human-WGS-WDL 

pipeline (see WEB resources) on GitHub provides a comprehensive set of tools 

and workflows. These pipelines are specifically optimized for PacBio’s HiFi 

sequencing technology, which focuses on generating highly accurate long reads. 

Both ONT and PacBio sequencing platforms commonly use minimap2 for 

mapping long reads to a reference genome. Minimap2 is well-suited for handling 

the unique characteristics of long reads, including higher error rates and structural 
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variations. Visualization of complex genomic data from long reads is crucial for 

interpretation. Techniques such as haplotype coloring, as described by De Coster 

and Rademakers (De Coster and Rademakers, 2023), enable researchers to 

visualize haplotype differences within populations by using different colors, as 

do tools that display gene orientations in complex genomic regions, like principal 

bundle composition (Chin et al., 2023). 
 

A 

 
 

B 

 

Figure 11. Integrated Genome Viewer (IGV) (Robinson et al., 2011) alignment view for 

Alu element presence in heterozygous state in sample NA12878 in positions 

chr1:70302444-70302752 (reference GRCh38). ONT (A) and Pacbio (B) IGV view. Old 

method from PacBio, Continuous Long Reads (CLS) is equal to ONT, but after improve-

ments in PacBio sequencing method, PacBio has fewer mismatches than ONT when 

comparing to reference (lilac bars). Note that haplotypes with Alu insertion have fewer 

SNP alleles not in human reference genome. Figures created by Kadri Maal. 

 

Alu PAV 

Alu PAV 
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1.5.3. Graph based pangenomes 

The pangenome is anchored to a reference genome because the broad types of 

variants need to have physical locations. There needs to be an evaluation method 

to determine the minimal set of individuals such that no reads from new indi-

vidual sequencing data fail to find a location during mapping. The construction 

of graph-based human pangenomes and associated analysis tools is currently in 

an intensive development phase. Both high- and low-level visualization programs 

help in understanding sequences represented in the pangenome, as well as those 

from mapped individuals not included in the pangenome graph. (Sirén et al., 

2024; Secomandi et al., 2025).  

A graph based human pangenome “chm13-90c.r518.gfa” file is constructed 

with the minigraph-cactus program and contains 90-chromosome SV variability, 

including chm13v2.0 as the reference (Hickey et al., 2024). Each segment has 

code as a descriptor in Graphical Fragment Assembly (GFA) format (see WEB 

resources). The individual NA12878, sequenced with ONT technology and 

mapped to the pangenome chm13-90c.r518.gfa has the same Alu element PAV 

(Figure 11, Table2) represented in sequence read order “>s6877>s6878>s6879”, 

and without Alu “>s6877>s6879”. “s6878” is the Alu element sequence code and 

“>s6877”, “>s6879” are flanking sequence codes (Schloissnig et al., 2024). The 

pangenome graph built with minigraph for HPRC year-1 samples (Li, 2022) was 

used to map the ONT reads with minigraph. 

 
Table 2. First 6 columns marks ONT reads for sample NA12878 (WEB resoursces), 

standard individual in methods comparisons, mapped to chm13-90c.r518.gfa parameters, 

read ID, read length, mapping coordinates, orientation and pangenome sequences graph 

codes order. Codes order indicates presence and absence of Alu element PAV (s6878) 

and orientation. 

readID 

read 

length 

mapping 

coordinates 

orien-

tation graph codes order 

82fb86ee-17bc-48ca-9c53-

1d2ec7ebf37e 56598 20092 56585 + >s6877>s6879 

2025e707-6c41-4e22-aa7b-

cc480097f1ff 60178 22 60165 + <s6879<s6877 

f4a12c51-dbba-4187-b701-

c619e56621be 30125 10 18338 + <s6879<s6877 

494229a4-f178-4fec-a329-

a3c92393ec0d 61147 1 31658 + >s6877>s6878>s6879 

494229a4-f178-4fec-a329-

a3c92393ec0d 61147 31664 61133 + <s6879<s6878<s6877 

cbb2a91b-e7dd-4e33-9be7-

830d78a96017 7924 825 7895 + <s6879<s6878<s6877 

8cc9b583-6dde-4cf6-b584-

a780e703cdc7 10695 197 10686 + >s6877>s6878>s6879 
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1.6. Alignment-free analysis approaches 

for different variant types 

We can categorize genetic approaches based on their use of alignment into three 

categories: 

1. No alignment information is used. 

2. Previously aligned information, such as reference sequences, is used to set up 

alignment-free applications. 

3. All analysis is based on aligned sequences 

 

In modern research, developing fully alignment-free approaches is challenging 

because most technologies are geared towards alignment-based studies, which offer 

simpler unification. However, fully alignment-free analysis allows for the investi-

gation of consistencies and frequencies in a sequence. Before the NGS era, there 

was little data available for frequency analysis, so statistical approaches mainly 

focused on sequences with consistent differences, and the number of sequences 

studied was limited (Ren et al., 2018). Consequently, most current approaches 

are only partially alignment-free and use substring frequencies to validate results 

with statistical tools. Alignment-based methods are not the focus of this thesis; 

they are only used for preliminary data creation and comparison of results. 

 

1.6.1. k-mers, their length and frequencies 

Alignment-free analysis primarily relies on the detection of k-mer presence, with 

a more advanced approach using the frequencies of these k-mers for comparison 

in studies.  

k-mers are widely used with different applications under different names: 

BLAST-searching seed is the same string (Altschul et al., 1990). k-mers are used 

to create de novo assemblies of genomes (Shi and Yip, 2020). 

Massive Illumina-based parallel sequencing gives the possibility to quantify 

k-mers, which should be evenly distributed over all regions in the diploid genome. 

The distribution of k-mers frequencies gives us an indication of genome size (Sun 

et al., 2018), historic genome duplications (Daccord et al., 2017), hybrid-based 

heterozygosity (Mixão and Gabaldón, 2020), mixed genomes and even symbiotic 

or parasitic species living in community (Kumar and Blaxter, 2011). Quanti-

fication gives indicative information of the hardest-to-describe sequences in the 

genomes, high-identity regions with a high copy number, like centromeres (Arora 

et al., 2021). Therefore, k-mers in sets or independently may have signatures in 

certain applications. 

k-mer counting becomes more important with growing data volumes to be 

expanded. In the era of limited sequences per individual, k-mer frequencies were 

not important; it was only necessary to have enough overlapping nucleotides 

between reads to construct longer contigs (overlapping sequences). Then the 

human reference genome was published, when k-mer frequencies were used to 
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count PCR primer binding sites in the genome to avoid unwanted PCR products 

(Andreson et al., 2006). With short-read sequencing methods, numerous k-mer 

counting programs soon became available, such as Jellyfish (Marçais and 

Kingsford, 2011), KMC (Deorowicz et al., 2015), and glistmaker (Kaplinski, 

Lepamets and Remm, 2015). k-mer counting is a simple thing: no gaps or 

mismatches are used during counting. Querying the k-mer counts for different 

applications is fast and allows mismatches. However, bacterial genomes are small 

and even 100x sequencing depth for a 3 MB genome is still only 10% of a 1x 

human genome. Different types of data structures are used to overcome diffi-

culties with memory, hard disk speed and data transfer (Wang et al., 2021) and 

longer k-mers give a chance to be more specific in applications. Kaarme (Díaz-

Domínguez, Leinonen and Salmela, 2024), CHTKC (Wang et al., 2021), DSK 

(Rizk, Lavenier and Chikhi, 2013), and Gebril (Erbert, Rechner and Müller-

Hannemann, 2017) programs allow the use of k-mers at least 301 in length (Díaz-

Domínguez, Leinonen and Salmela, 2024). 

In this context, k-mers refers to substrings of length k created from the refe-

rence genome or sequencing data with a step size of 1 (Figure 12). k-mer fre-

quencies indicate how many times a specific k-mer appears in the reference 

genome or sequencing data (Figure 13). Although k-mer spacing can be greater 

than one, we can avoid this in variation discovery and genotyping pipelines, due 

to the potential loss of information density. Sequencing coverage indicates the 

average number of times each nucleotide from the reference genome is repre-

sented in sequencing reads (Sims et al., 2014). Additionally, k-mers may be 

created in silico based on genomic rules. 

 
AATTAAGCACCTGGTTTGACAAAGAATTTTCGGCCGGGCG 

 ATTAAGCACCTGGTTTGACAAAGAA  

  TTAAGCACCTGGTTTGACAAAGAAT 

   TAAGCACCTGGTTTGACAAAGAATT 

    AAGCACCTGGTTTGACAAAGAATTT  

     AGCACCTGGTTTGACAAAGAATTTT 

      GCACCTGGTTTGACAAAGAATTTTC  

       CACCTGGTTTGACAAAGAATTTTCG  

        ACCTGGTTTGACAAAGAATTTTCGG  

         CCTGGTTTGACAAAGAATTTTCGGC 

          CTGGTTTGACAAAGAATTTTCGGCC 

           TGGTTTGACAAAGAATTTTCGGCCG 

            GGTTTGACAAAGAATTTTCGGCCGG 

             GTTTGACAAAGAATTTTCGGCCGGG 

              TTTGACAAAGAATTTTCGGCCGGGC 

               TTGACAAAGAATTTTCGGCCGGGCG                      

Figure 12. In this example, k-mers are 25 nucleotides long and created with a step size 

of 1. These k-mers originate from Alu element insertions, which exhibit polymorphisms 

in their presence. Polymorphic mobile element insertion (MEI) breakpoint k-mers are 

highly informative for species identification, as the likelihood of an insertion occurring 

at the same position at a different time is virtually zero. 
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Figure 13. The k-mer frequency distribution in a whole-genome sequencing (WGS) 

sample. The main peak forms the k-mers from regions with single-copy coverage (Cov) 

in chromosomes. The Cov/2 peak represents k-mers found in only one sister chromosome 

or in the non-recombining parts of sex chromosomes in males. K-mers from the repeated 

regions in the human genome form peaks 2Cov and more Covs (Figure created by Märt 

Möls, used here with his permission). 

 

In a randomly generated genome with no duplicate events, minimal k should be 

up-rounded integer k=log4(genome size) (Table 3). 

 
Table 3. Minimal k for unique k-mers for reference genomes. As genome size is based 

on the forward strand, k-mer count for both strands is twice as large if complementary 

strands are accounted independently.  

Organism Genome size (bp) K for fw strand K for fw and rv strand 

SARS-CoV 30000 8 8 

E.coli 5000000 11 12 

Arabidopsis thaliana 119000000 14 14 

Diospyros lotus 624000000 15 16 

Homo sapiens 3100000000 16 17 

 

Eukaryotic genomes tend to grow and collect repeats and minimal actual k may 

be lower after counting all presented k-mers in real sequencing data. However, in 

calculations, k is up to 32 because of computer architecture and to increase speed. 

 

1.6.2. Genome size estimation 

Accurate genome size measurement is possible when a de novo assembly is 100% 

accurate, as it allows for the genome size to be calculated by summing the lengths 

of the assembled chromosomes. In diploid organisms, the genome size is the total 

length of all sister and sex chromosomes. When sequences are unassembled or 

unmapped, k-mer-based measurement can be used. Theoretically, the k-mer 
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based calculation of a diploid genome size involves dividing the cumulative sum 

of all k-mer frequencies by the average sequencing depth and the k-mer length. 

This method yields highly accurate results, but genome size is traditionally 

measured based on the haploid genome, which includes both sex chromosomes. 

According to the FindGSE publication by Sun et al. (Sun et al., 2018), the lengths 

of 142 human genomes were measured, ranging from 2,950 Mb to 3,115 Mb, 

showing a 6% difference between individuals.  

 

1.6.3. Detection of known SNPs 

There are numerous programs for identifying the most frequent variants, 

including short variants, SNPs, and indels. Once variant discovery is performed 

in multiple individuals or pooled samples, population-specific or sample-set-spe-

cific common variants can be detected without the need for resource-intensive 

variant-calling or mapping steps (Grytten, Dagestad Rand and Sandve, 2022). 

Most GWAS studies use marker selection for microarrays, which have instru-

ment-specific limitations regarding marker locations and total marker count. 

Sequence-based detection, however, allows for genotyping of ten or more times 

the number of marker alleles, depending on the algorithms used. Programs such 

as Malva (Denti et al., 2019), Bayestyper (The Danish Pan-Genome Consortium 

et al., 2018), PanGenie (Ebler et al., 2022)and KAGE (Grytten, Dagestad Rand 

and Sandve, 2022) are all alignment-free genotype callers that use surrounding 

sequences in k-mers. Among these, only PanGenie and KAGE utilize haplotype 

information, meaning they consider other nearby existing variants. Additionally, 

KAGE uses a graph-based pan-genome and allele frequency information. KAGE 

is highly efficient, capable of genotyping a full sample with 15x coverage in only 

about 12 minutes using 16 computer cores. 

 

1.6.4. Detection of novel SNPs 

Novel SNPs can be classified into two categories: those that have not been 

described yet due to the limited number of sequenced individuals or insufficient 

SNP data in databases (e.g., dbSNP, dbVAR), and de novo SNPs that appear in 

children but are absent in their parents. An example of a tool for identifying these 

SNPs is the program developed by Kimura and Koike (Kimura and Koike, 2015), 

which compares a dictionary of short NGS reads to a dictionary based on a 

reference genome. Their test set included simulated data, 5 whole exome se-

quencing (WES) samples, 3 RNAseq samples, and 3 whole-genome sequencing 

(WGS) samples. They found that the overall precomputing time for creating a 

dictionary for WGS data was three times faster than with alignment-based 

mapping, and SNP calling was twenty times faster, with a sensitivity of 93% and 

a specificity of 95%. Another tool, Cobasi, is designed for detecting de novo 

mutations in children, using trio samples (Gómez-Romero et al., 2018). 
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In theory, all biallelic SNPs in a personal genome can be identified in a fully 

alignment-free manner if heterozygous k-mers (Figure 13) have another k-mer 

with one mismatch (or more, provided the allele count is 2) within the same 

heterozygous peak. These k-mers should be included in a set of 50 k-mers, as  

k-mers spanning the SNP position. Identified SNP alleles may either uniquely 

align to the reference genome or may not be found in the reference genome due 

to the complexity of repeated sequences or the absence of the SNP-containing 

sequence in both alleles in the reference genome (Hurgobin and Edwards, 2017). 

An allele is considered new if it has not been previously described. 

 

1.6.5. Detection of SVs  

Structural variants (SVs) with fixed combinatorics of copy-number changes in 

alleles contain mutations specific to alleles in a locus. Younger alleles or actively 

shuffling chromosome regions can only be precisely typed with long and ultra-

long reads. However, if precision is not the primary concern, the copy number 

(CN) of regions can be described using k-mer frequencies. There are numerous 

applications and ready-to-use programs where the k-mer selection procedure 

varies. The most precise CN estimators use reference-genome-based gene or gene-

specific k-mers, as genes can duplicate locally or jump to another location in the 

genome via translocation or LINE-mediated transposition through processed 

pseudogene duplication. 

The publication by Pajuste and Remm (Pajuste and Remm, 2023), titled 

“GeneToCN,” uses gene-specific k-mer frequencies to estimate the copy numbers 

of AMY1, AMY2A, and AMY2B, validating these copy numbers with ddPCR 

results. The concordance between the results for 38 individuals was 99%. In the 

same study, the copy numbers of SMN, NPY4R, and the LPA Kringle IV-2 domain 

genes were also predicted. 

Theoretically, any region in the genome can be duplicated, and an already-

duplicated region can expand or reduce by the step of the initial duplication. A 

fully alignment-free method involves selecting k-mers from a personal genome 

located in peaks above 2n, such as 3n, 4n, etc., and normalizing frequencies with 

sequencing coverage. These k-mers can locate regions not covered in the refe-

rence genome due to the difficulty of assembling regions with a repetitive nature. 

 

1.6.6. Detection of copy number of tandem repeats 

Due to the poor mappability of reads, variant calling from variable number tandem 

repeat (VNTR) regions is challenging. VNtyper addresses this by using the Kastrel 

algorithm (Audano, Ravishankar and Vannberg, 2018), which generates k-mers 

from short-read sequencing (SRS) data and the reference genome (Saei et al., 

2023). After detecting active regions, haplotypes are reconstructed nucleotide by 

nucleotide. Sliding window k-mer frequencies are used to detect mutations. 

VNtyper employs SnaPshot amplification (enrichment) to identify disease-
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causing mutations in the test gene, particularly in MUC1-positive (autosomal 

dominant tubulointerstitial kidney disease) families. 

Human chromosome ends, or telomeres, consist of the TTAGGG motif 

repeated in varying copy numbers among individuals. The TelFinder program 

determines the length and repeat times of k-mers to identify telomeric motif 

sequences (Sun et al., 2023). In a study using TelSeq (Ding et al., 2014), the mean 

length of terminal restriction fragments (mTRFs) was compared with the k-mer-

based average telomere length. The study found that the k-mer-based length was 

5.63 kb compared to the mTRF length of 6.97 kb, with an annual shortening rate 

of 34.5 bp/year versus 19.8 bp/year.   
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2. AIMS OF THE STUDY 

This study aims to showcase the effectiveness of k-mers in identifying and 

characterizing variations within genome sequences. To achieve this, we have 

three specific patterns of development for computational methods. 

1. Development of computational methods for detection of the depth of coverage 

and describing its relevance for accurate analysis. 

2. Development of computational methods for detection of biallelic variants. 

3. Development of computational methods for detection of multiallelic variants. 
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3. RESULTS AND DISCUSSION 

Initially, every mutation occurs just once in a single chromosome in a population, 

giving rise to a variant that is biallelic. If the chromosome carrying the new 

variant is fortunate, the mutation can gradually spread throughout the population 

over time. In cases where the mutation event results in sequences with a tandemly 

repeated nature, the copy number of these tandemly repeated motifs may increase 

over time. Traditional sequencing methods like short-read NGS and capillary 

Sanger sequencing struggle to accurately assemble sequences that contain tandem 

repeats longer than the sequencing read itself. 

 
Table 4. Main variant types covered and reported in publications included in the current 

thesis. CNV is not covered but is in the list of publications: this work used simplified 

median-based CNV copy-number detection for CYP2D6 with k-mers. 

Variation Bi/multiallelic 

(mostly) 

Repeatedly the same 

mutation within 

another human 

Discovery Detection 

SNP Bi + Ref IV Ref II 

STR Multi + Ref IV – 

VNTR Multi + Ref III Ref III 

CNV* Multi +– – – 

MEI Bi – Ref I Ref I 

Satellite/Complex Highly multi – – Ref VI 

 

The idea of reference genomes is to have one standard as a basis for describing 

variants in individual genomes. Historically, they have gaps because of limi-

tations in the sequencing methods. The main parts of WGS and WES are focused 

on discovering and describing short variants with final VCF files, offered by a 

pipeline calling multiple variants, such as the most commonly used GATK. These 

methods are mapping-based. Our work with k-mers used mapping-based infor-

mation only when we visually checked our results or just cut some parts of mapped 

reads to speed up the throughput of analysis. The information we have obtained 

comes from thousands of genomes, mainly from the 1000G project and Estonian 

Genome Center (EGC) full-genome sequencing data. First, we made a k-mer list 

in preparation for adding information to the sequencing data. Note that the list 

included all the sequencing information, not only from mappable regions. When 

the lists were good, then they must be used multiple times to obtain different 

genomic answers (Genometester4, program glistquery). Instead of occupying an 

additional 35 GB per individual on the hard disk, we can also use a one-time 

counting application where the hard disk records only a tiny part compared to a 

list file (Genometester4, program gmer_counter). All the k-mer lists we used were 

25-mer lists, meaning all sequences were cut into 25bp pieces and the time of 

their presence in sequences was counted (and stored in the list file). 
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It is worth noting that our k-mer-based methods were planned and developed 

without the use of artificial intelligence (AI) algorithms. 

 

 

3.1. Depth of coverage and k-mer length: relevance 

for accurate analysis (Ref I–VI) 

It is crucial to understand the terms “depth” and “coverage” for optimizing DNA 

sequencing to obtain high-quality and informative data at minimal cost. The human 

genome’s variability, influenced by factors like sex chromosomes, copy-number 

variations (CNVs), and satellite DNA, can reach as much as 8%. This variability 

poses challenges in accurately predicting genome size when measuring DNA 

concentration. 

Sequencing depth (or read depth) refers to the number of times a specific 

nucleotide position in the genome is sequenced. It provides a nucleotide-based 

measure of how well a particular genomic region is covered by sequencing reads. 

Sequencing coverage is a reference-genome-based metric that indicates the 

number of unique sequencing reads aligning to a specific region in the reference 

genome. For example, a 20x coverage means that, on average, each position in 

the reference genome is covered by reads 20 times. 

In k-mer analyses, terms such as median and average sequencing coverage are 

used, but the main peak in k-mer frequency distribution reflects the true sequencing 

depth. This peak represents the distribution of k-mers from single-copy regions of 

the genome (Figure 13), offering insights into the actual sequencing depth achieved. 

Our research indicated that sequencing coverage below 20x can lead to de-

creased concordance between non-reference variants and true variants. Factors 

such as low sequencing coverage or sample contaminants are elaborated in detail 

in section 3.3.2 of our study. 

The choice of minimum k in k-mer length selection depends on the specific 

applications and available computational resources. Initially, constraints like 

limited computing power (e.g., 1–2 CPUs, 128 GB RAM, 200 GB HDD) influen-

ced decisions. For instance, developing a 16-mer blacklist using GenomeMasker 

in early efforts required considerable computational time and storage due to 

software and hardware limitations (Andreson et al., 2006). 

Over time, advancements led to rediscovering k-mers in contexts such as 

polymorphic Alu element insertions, driven by empirical efforts to enhance PCR 

primer quality and genotype known variations in the human genome using NGS 

data (Wang et al., 2006). Today, Illumina-based k-mer lengths typically range 

optimally from 24 to 27 base pairs, as shorter k-mers tend to have higher fre-

quencies of secondary alignments in the reference genome. 

This evolutionary journey highlights how technological and methodological 

advancements have refined our understanding and utilization of k-mers in geno-

mic research, enabling more precise and efficient analyses despite earlier compu-

tational limitations. 
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3.2. Biallelic variants (Ref I, II, IV) 

k-mers representing biallelic variants are in the k-mer distribution graph 

(Figure 13) in the “cov/2” peak. Because alignment-free sequencing is blind to 

locations, then biallelic variants allele found after a mapping procedure in 

repeated areas are filtered out or those results are error-prone. Biallelic variants 

may present outside reference genome sequences and those variants are outside 

any genetic studies if they are not described. Nevertheless, biallelic variants are 

most commonly used in genetic studies, especially SNPs in microarrays. It should 

be noted that oligonucleotide probes used in microarrays have similar restrictions 

in use to those of k-mers; they must have a unique location inside the genome. 

Hence, if only a microarray-based subset of SNPs is under attention, alignment-

free variant detection is faster than using alignment-based variant detection.  

 

3.2.1. Genotyping known biallelic SNPs (Ref II) 

FastGT is a powerful tool designed for swiftly calling approximately 30 million 

known SNPs from FASTQ files, accomplishing this task in less than an hour. 

However, when the reads are mapped and stored in BAM or CRAM formats, an 

additional 1–3 hours is required for unpacking. This efficiency makes FastGT 

particularly advantageous when handling numerous samples or when computing 

resources are limited and not on high-performance computing (HPC) clusters. 

The primary use of whole-genome sequencing (WGS) often revolves around 

creating imputation panels. FastGT facilitates this process by enabling an SNP 

prescan, allowing regions deemed unnecessary for further calculations to be 

filtered out based on criteria such as allele count, existing SNP patterns along 

chromosomes, or allele frequency. This prefiltering step expedites the mapping 

process by removing unneeded reads or digitally contaminated samples (e.g., 

demultiplexing errors). Samples from closely related individuals can also be 

deferred for subsequent analysis. 

FastGT excels at identifying SNP allele deletions or duplications due to its 

extensive marker database, which surpasses the markers available on commonly 

used arrays. For instance, in Illumina Platinum genomes, FastGT achieves a re-

markable 99.96% concordance with 30,328,283 marker genotypes. Key functions 

like gmer_counter and gmer_caller within FastGT efficiently manage this large 

dataset. 

Our study has determined that a sequencing depth of 20x and a k-mer length 

of 25 base pairs are optimal for FastGT’s operations. Within the 30 million k-

mers analyzed, 23,832 markers specific to chromosome Y have been identified, 

with 5,241 of these markers exhibiting frequencies in male samples from the 

EGC. Comparing these markers against the Illumina Global Screening Array v.2 

Manifest file (GSA-24v3-0_A2.csv) revealed an intersection of 11,188 markers 

from a total of 654,027 tagSNPs.
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There is potential to redesign marker selection criteria using different tar-

geting and quality rules, allowing for the inclusion of k-mers that cover indels 

and CNV (Copy-Number Variation) describing variants. For instance, the GSAv3 

includes 10,118 positions covering indels and 3,846 positions covering CNVs. 

FastGT’s ability to predict copy numbers up to 4 aligns with array-based CNV 

prediction programs. 

In conclusion, FastGT stands out for its rapid and accurate SNP-calling capa-

bilities, robust marker genotype database, and flexibility in handling diverse 

genetic variations, making it a valuable tool in genetic research and clinical appli-

cations. 

 

3.2.2. Genotyping unknown biallelic SNPs (Ref IV) 

The main motivation behind developing alignment-free applications for variant 

calling was the lack of real-time support for variant detection in second-gene-

ration sequencing platforms, and the time-consuming nature of post-sequencing 

alignment-based pipelines such as GATK (Genome Analysis Toolkit). These 

alignment-based pipelines can take anywhere from 10 to 12 hours on a single 

computer to call variants in exonic regions, which may not be feasible for users 

who do not have access to high-performance computing (HPC) resources and 

require urgent results. 

The human genome comprises over 3 billion nucleotides and includes a 

plethora of simple and complex structural variations (SVs). Tools like KATK  

(k-mer Alignment Tool Kit) are designed to rapidly detect primarily biallelic 

SNPs and short indels by employing simplifications that do not cover all regions 

of the genome comprehensively. These simplifications often involve focusing on 

regions that are single-copy in the reference genome, where tagging k-mers can 

uniquely locate variants that are known and documented in databases like dbSNP. 

In studies comparing KATK and GATK using simulated data from cell lines 

CHM1 and CHM13 (which are diploid homozygous cell lines), KATK demon-

strated 83.4% concordance with GATK in calling variants within exonic regions 

(3% of the genome). Both tools missed approximately 2.1% of variants, and an 

additional 15% of variants were missed by one or the other tools, possibly due to 

quality control issues in variant calling. 

KATK serves as an alternative for users who work with specific subsets of the 

genome (e.g., certain genes or amplicons), lack experience with complex variant 

calling pipelines, and need rapid results. It can call variants at 20x coverage for 

3% of the genome in just 45 minutes, with calling time linearly correlated with 

the number of reads. 

However, it is important to note that KATK does not currently address capture 

bias effectively. Capture bias refers to uneven representation of genomic regions 

in sequencing data due to differences in the efficiency of capturing certain se-

quences during the experimental process. Until capture bias is resolved or 

accounted for through equalization of sequencing coverage or other statistical 

adjustments of read placement, caution is advised in using KATK for applications 

where accurate representation of all genomic regions is critical. 
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3.2.3. Detection of Alu-element insertions (Ref I) 

The discovery and analysis of Alu element insertions in the human genome have 

been revolutionized by advances in genomic sequencing technologies. Before the 

advent of whole-genome sequencing (WGS), identification of these elements was 

extremely challenging, often relying on serendipitous discoveries during tech-

niques like gel electrophoresis (as noted by Margus Putku in personal commu-

nication), where discoveries could be sudden and unexpected. 

Alu elements are a type of Short INterspersed Element (SINE) that replicate 

and insert themselves into the genome, contributing significantly to genomic 

diversity. They are characterized by conserved features such as target site dupli-

cations (TSD), a “start-signal” sequence (GGCCGGGCGC), and a poly-A tail. 

These elements can be several hundred nucleotides long and are found inter-

spersed throughout the genome. 

The tool “AluMine,” developed for identifying Alu elements, leverages biologi-

cal rules derived from these characteristic features. Specifically, AluMine searches 

for key k-mers that encompass a flanking sequence in the 5’ direction (containing 

the TSD), followed by the “start-signal” sequence or its immediate vicinity in the 

3’ direction (as illustrated in Figure 14). This approach ensures that potential Alu 

element insertions are identified based on their unique genomic signatures. 

One of the challenges historically associated with Alu-element discovery in-

volves accurately determining the length and orientation of the TSD, as well as 

describing their genotype presence or absence in one or both alleles. Previous 

short-read-based discovery programs often faced misunderstandings in these 

areas, prompting the development of AluMine to provide more accurate and 

comprehensive detection capabilities. There were missed calls between the 1000 

Genomes Phase 1 and Phase 3 studies, as well as with AluMine, even in the 

commonly used test individual NA12878. Over half of the variant calls over-

lapped across all three calling algorithms. Since its inception in 2012, AluMine 

has aimed to identify both known Alu elements present in the human reference 

genome, as well as new insertions that are absent from the reference. By com-

piling variant call format (VCF) files for individuals from the Estonian Genome 

Center (EGC) and other cohorts, AluMine facilitates further research into the 

impact of these elements on genomic structure and function. 

 
a.AATTAAGCACCTGGTTTGACAAAGAATTTTCGGCCGGGCGCGG a.AAAAAAAAAAAAAGAATTTTCACAAACCTGACTAAAACACT 

b.AATTAAGCACCTGGTTTGACAAAGAATTTTC------------ a.-----------AAGAATTTTCACAAACCTGACTAAAACACT 

a.GCACCTGGTTTGACAAAGAATTTTCGGCCGGGCGC 

b.GCACCTGGTTTGACAAAGAATTTTCACAAACCTGA 

Figure 14. Polymorphic in presence (or PAV) Alu element insertion, see also figure 11. 

Allele a contains an Alu element and allele b does not. The reference sequence is allele 

a. Red letters denote the inserted element with poly-A tail, green letters denote target site 

duplication (TSD) regions, black letters are nucleotides outside of the insertion site TSD. 

Upper sequences show the ends of the inserted Alu element. The lower box contains 

breakpoint sequences for querying with BLAST, k-mer applications or script in 

sequencing data (a. Alu plus and b. Alu minus).  
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Our findings regarding Alu element insertions in human genomes have shed light 

on their prevalence and distribution compared to the reference genome and across 

different populations. The following is a breakdown of the key points discovered 

using the AluMine software. 

 

1. Total Alu Element Insertions in Individuals: 

• On average, each individual has approximately 1,574 Alu element in-

sertions that differ from the reference genome. 

• Among these, 1,045 insertions are not present in the reference genome 

(PAV – Presence/Absence Variation), indicating novel insertions not pre-

viously documented. 

• Additionally, 588 insertions are present in the reference genome but exhibit 

variation in individual genomes. 

 

2. Reference Genome (GRCh38) and Cross-Species Comparison: 

• The human reference genome (GRCh38) contains 15,834 Alu element 

insertions, which are known to be absent in the chimpanzee genome. 

• Some of these insertions may not be fixed across all humans, suggesting 

variability in Alu-element presence among different populations. 

 

3. Denisovan and Neanderthal Genome Comparisons: 

• AluMine is capable of detecting Alu elements not only in modern human 

genomes but also in the genomes of Denisovans and Neanderthals, indi-

cating conservation and evolutionary relevance across hominin species. 

 

4. Computational Efficiency of AluMine: 

• The process of discovering new Alu-element insertions per individual using 

AluMine takes approximately 2 hours. 

• Analyzing the states of 15,834 insertions across genomes requires about 20 

hours. 

• Genotyping these insertions is completed in less than 4 hours. 

• AluMine is designed to be computationally efficient compared to other 

variant discovery pipelines, which can take more than 24 hours for similar 

tasks. 

 

5. Insights from RNAseq Data: 

• AluMine’s capability extends to analyzing RNAseq data, where it detects 

Alu-element insertions specifically in the 3’ untranslated regions (UTRs) 

of mRNA transcripts. This finding underscores the utility of AluMine in 

exploring the functional implications of these insertions in gene regulation 

and expression. 
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Overall, AluMine represents a valuable tool in genomic research for comprehen-

sively identifying and characterizing Alu-element insertions across human popu-

lations and related species. Its efficiency and alignment-free approach make it 

particularly suitable for large-scale studies involving genomic variation and 

evolutionary analysis. 

Long-read sequencing methods will improve the accuracy of calling PAVs 

(Bilgrav Saether and Eisfeldt, 2024). In the discovery phase of novel Alu inser-

tions (REF– in publication Ref I), we used 25 bp of 5’ flanking nucleotides to 

locate them in the reference genome. In the context of long-read data, alignment-

free, k-mer-based strategies need to be re-evaluated, as every PAV-containing 

read can be mapped to the human pangenome, and the use of k-mer combinatorics 

continues to expand. 

 

 

3.3. Multiallelic variants (Ref III, VI) 

Most multiallelic variations in the human genome are tandemly repeated se-

quences, such as STRs (Short Tandem Repeats), VNTRs (Variable Number 

Tandem Repeats), and CNVs (Copy-Number Variations) found in euchromatin, 

as well as satellite sequences found in heterochromatin. New variants are often 

discovered under the assumption that at least biallelic presence has been pre-

viously described. The TRF program (Benson, 1999) identifies tandemly repeated 

sequences not only with exact copies but also with mismatches and gaps. The k-

mer method works when k-mers have a localization-specific signature, which may 

be within the motif or span the breakpoints of motif ends for VNTRs. This method 

also applies to ancient mutations in higher-level motifs, such as the 2400bp 

(Hsat1B) and 3600bp (HSat3) sequences in chrY heterochromatin. 

 

3.3.1. Estimating copy number of VNTRs (Ref III) 

It was known that the TRIB3 promoter region contains 33 bp long-motif VNTR 

with copy numbers of 2, 3 or 5. We expected that 1x and 4x should also exist. 

Commonly used k-mer methods do not easily find them because rare alleles 1x 

and 4x have unique allele counts only in allele combinations 1x/1x, 1x/2x and 

4x/5x (Table 4).  
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Table 4. TRIB3 promoter region VNTR motif copy number in combinations of two 

haplotypes. Rare 1x and 4x shared haplotypes are detectable only on combinations 1x/1x, 

1x/2x and 4x/5x (red). Other 1x and 4x combinations (yellow) are not unique among all 

other motifs and copy number combinations (white). 

Nx/Nx 1 2 3 4 5 

1 2 3 4 5 6 

2 3 4 5 6 7 

3 4 5 6 7 8 

4 5 6 7 8 9 

5 6 7 8 9 10 

 

Detection of 1x to 5x tandem repeat variants was also achieved using k-mers. The 

length of these k-mers included their flanking regions, resulting in lengths of 40, 

73, 106, 139, and 140 base pairs. With a sequencing depth of 20x, each allele should 

ideally appear 10 times in the reads. However, for 140-mer k-mers and 150 bp 

long reads, only 10 reads would fit this window, and sequencing errors can reduce 

the count of suitable reads. By searching for k-mers (as detailed in Table 5) within 

raw sequencing data, we discovered that 1x and 4x VNTR motif copy number 

variants are present in EGC and 1000G individuals. Following this discovery, we 

conducted more precise luciferase-based functional experiments using EGC 

samples, demonstrating that expression levels increase with each additional copy-

number step. Global allele frequencies are graphically presented in Reference III. 

Motif copy numbers greater than 5 certainly exist, but confirming this would 

require more individuals to be sequenced with long NGS reads. For instance, 

HG01944 likely has a copy number greater than 5, as detected by substituting the 

first 4 nucleotides of the 5x VNTR motif with the last 4 nucleotides. 

 
Table 5. k-mer sequences for detecting TRIB3 promoter region VNTR haplotypes in 

short, 150 bp-length, reads. Copy numbers may be 1–5 and there are no known SNPs in 

motifs. Used k-mers are 40–140 bp in length and nucleotides coming from repeated motifs 

are in red.  

Nx   k-mer k-mer sequence with minimum flanking sequence 

1x  40-mer GGCT(GATTAGCTCCGGTTTGCATCACCCGGACCGGGG)1GCC 

2x  73-mer GGCT(GATTAGCTCCGGTTTGCATCACCCGGACCGGGG)2GCC 

3x 106-mer GGCT(GATTAGCTCCGGTTTGCATCACCCGGACCGGGG)3GCC 

4x 139-mer GGCT(GATTAGCTCCGGTTTGCATCACCCGGACCGGGG)4GCC 

5x 140-mer GGCT(GATTAGCTCCGGTTTGCATCACCCGGACCGGGG)4GATT 
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3.3.2. Detection of chrY haplogroups with k-mer profiles (Ref VI) 

Human Y chromosome haplogroups (HGs) are the standard for describing the non-

recombining portion of the Y chromosome. These HGs are defined by one or 

more mutations that distinguish them from each other in a clonal manner. In prin-

ciple, a single k-mer with a frequency of 1 could predict the HG of the human Y 

chromosome (chrY). However, the probability of finding such a k-mer in whole-

genome sequencing (WGS) data using the GRCh38 assembly is approximately 1 

in 30,000,000, which is the length of euchromatin in chrY. There are a different 

number of SNPs associated with certain HGs, and if the read length is 150 bp, the 

probability increases significantly by 150 times the number of HG-specific SNPs 

times the k-mer length. This calculation (150 * 300 * 25) increases the probability 

by approximately 1.25 million times, resulting in a probability of 1 in 24 for all 

SNPs. This suggests that a sequencing depth of 0.04x is necessary to accurately 

detect HG-specific SNPs on chrY. If reads are shorter or fragmented, as is often 

the case with ancient DNA (aDNA), the minimum coverage required increases. 

This limitation applies to using SNP data, both with and without capture, in WGS. 

Instead of relying solely on SNP information, chrY can leverage HG-specific 

blocks with numerous mutations. These blocks provide additional count infor-

mation that can be useful in HG identification. For chrY heterochromatin and other 

tandem repeats, we used a simple hypothesis: in a specific HG, deletions occur 

in one or more segments of satellite DNA, while other regions of the hetero-

chromatin may undergo multiplication of nearby segment sequences. In another 

HG, a similar process occurs in different segments. Over generations, these pro-

cesses create HG-specific patterns of segment-specific k-mer frequencies (see 

Figure 15). 

 

 

Figure 15. A simplified schema of tandemly repeated 2.6 and 3.5kb blocks with block-

specific mutations can be visualized with colors representing different mutations (as shown 

in the figure). On average, the heterochromatin in chromosome Y (chrY) spans approxi-

mately 30Mb by reference genomes (REFERENCE), although this length can vary (HG1-

HG5). The composition of these blocks contains an amount of information equivalent to 

1,800 times that of mitochondrial DNA (mDNA). 
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To predict HGs from ultra-low sequencing data, we first built a model using high-

coverage samples with known HGs, then tested and applied it (Figure 16). 

Creating the model involved three steps in k-mer selection and ended with model 

building: 

 

1. Selecting Human Chromosome Y Specific k-mers 

• Generating k-mer lists from assembled Y chromosomes, or 

• Using male WGS-based k-mer lists. Sequencing errors are removed using 

a cutoff function during list generation with the GenomeTester4 package 

(Kaplinski, Lepamets and Remm, 2015). 

• Excluding k-mers presented in the “female” lists. 

 

2. Selecting the Most Informative k-mers Based on HGs of Interest 

• Chromosome Y-specific k-mer frequencies from individual k-mer lists are 

normalized using average values from a subset of “NIPT” chrY k-mers 

(~36,000 evenly distributed across the euchromatic region of chrY between 

the PAR regions) (Sauk et al., 2018). These normalized values approxi-

mate the copy number of each k-mer on chromosome Y, as they originate 

from the 1x region in the GRCh38 assembly. 

• For each HG selected for model training, Mann-Whitney U tests are used 

to compare the average counts of each k-mer between the target HG and 

all other HGs. 

• From each HG, the 10,000 most specific and 10,000 least specific k-mers 

are selected as the most informative. 

 

3. Preparing Input Data for the Model 

• Informative k-mers from the training set are compared against additional 

k-mers used for sequencing depth estimation, and intersecting k-mers are 

removed. 

• An input table is created with raw k-mer frequencies for each individual 

selected for the model. 

 

4. Model Building 

• A model is built using distance-based clustering across all informative k-

mers.  

• During HG calling, the HG with the smallest distance to the sample is 

assigned as the best match. 
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Figure 16. Workflow of building Y-mer model, testing and using. Y-mer method relies 

on Y chromosome-specific k-mers, 25 base pair sequences absent in the female genome, 

whose frequencies within the Y chromosome are similar within HGs but distinct between 

them. Millions of such k-mers exist in high-coverage WGS samples that are required to 

build the HG prediction models. Only a small fraction of the k-mers used in the model 

would be required to be present in ultra-low sequencing depth samples (aDNA, NIPT, 

forensics) for their successful HG prediction. The bone in the figure belongs to a female 

sample because it is too far from the HG groups.  

 

In simulated dilutions, we may say that the HG prediction threshold for samples 

in-model is 0.0005x and out-of-sample samples 0.001x (Figure 17), i.e., at a mini-

mum, 100–500 times less DNA is needed. Deeper analysis shows that 60% of k-

mers come from repeated sequences. 

 

   

Figure 17. Testing simulated dilutions (columns raw, 1x, 0.1x, 0.05x, 0.01x, 0.005x, 

0.001x, 0.0005x, 0.0001x, 0.00005x, 0.00001x) in samples used in (left) and not used 

(right) in model building. The sensitivity difference is 5 times, but still it is 0.005x in 

samples not used in the model. Grey color indicates HG prediction accuracy dynamics: 

other colors represent HGs (AB, C, E, G, H, IJ, LT, N, O, Q, R). 
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A massive number of Illumina-based next-generation sequencing (NGS) projects 

use capture techniques for gene panels, exomes, or targeted amplification 

(Figure 9). In these cases, sequencing depth is uneven across the chromosome. 

However, this does not affect HG prediction sensitivity, as long as the capture 

region does not specifically target chrY repeats. PCR enrichment for bacteria, 

followed by WGS (Lavania et al., 2018), retains human DNA fragments, allowing 

for HG prediction even in these samples (unpublished results). Due to the 

variability of whole-exome sequencing (WES) protocols, we cannot recommend 

their use for HG prediction until improvements have been made.  
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CONCLUSIONS 

In whole-genome sequencing (WGS), sequencing reads include all chromosomal 

sequences, although they may not be evenly covered when mapped to the reference 

genome. Mapping-based approaches filter out chromosomal regions not listed in 

the reference genome. Until the development of an ideal reference genome, 

sequencing technology, and variant-calling algorithms, k-mer-based methods can 

be used to partially fill these gaps and enhance genomic analysis applications. 

This study examined variation data in whole-genome samples from 2,500 

Estonian Biobank participants and 300 from the 1000 Genomes Project.  

 

In this thesis, we demonstrated the following:  

1. k-mer frequencies are quantifiable and informative, similar to signal 

intensities in microarrays. While copy number variations detected via micro-

arrays are defined on a scale of 0–4, k-mer methods have no such limits, 

enabling the detection of variations not identifiable through microarray or 

mapping-based methods. k-mer frequencies are normalized using either the 

mean/median coverage of the sequencing dataset, the mean/median coverage 

of the neighboring region of interest, or another suitable normalization variable. 

It is important to note that mapping-based and k-mer-based coverage values 

do not match, as mapping-based values depend on the reference genome 

length, which can differ between individuals by up to 10% of the total genome 

length.  

2. k-mer frequencies allow the genotyping of both known and unknown 

biallelic mutations, such as SNPs and PAVs. k-mers describing biallelic 

markers move one step across the variation site, forming two k-mer sets: one 

representing each allele. The frequency ratio of these k-mers indicates the 

presence of one, the other, or both alleles in the sample. Care should be taken 

to ensure the k-mer is unique to a single location in the genome and within 

one mismatch distance to avoid overlap with unmapped mutations. This means 

many variations detectable by mapping-based methods are missed with  

32-mers, as mapping-based methods use longer reads (150–300 base pairs) 

for unique placement.  

3. Normalized k-mer frequencies can accurately predict copy numbers of 

multiallelic tandem repeats, such as VNTRs. The human genome contains 

over 260,000 tandemly repeated sequences with motifs of 6–100 base pairs. 

When the product of the motif length and copy number exceeds the read 

length (over 150 base pairs in this study), mapping-based methods fail to 

reliably determine the variant, even when the reference sequence contains the 

longest repeat. With mapping-free methods like ours, the combined copy 

number of the two alleles is determined, enabling correlation analysis with 

other traits of the same sample. Notably, unreported normalized k-mer results 

showed 80% concordance with gel electrophoresis results. We believe the 
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20% discrepancy could be addressed by identifying somatic mutations using 

long-read sequencing.  

4. Human chrY HG-specific k-mers can be identified and used to predict 

HGs from WGS data, even at very low sequencing depths. Half of the 

human Y chromosome consists of heterochromatin with the primary motif 

TTCCA, which is the most common 25-mer (in five-copy repetitions) in the 

human genome. Over millions of years, mutations have expanded this motif 

to 2.5–3.5 kb motifs. In chrY HG determination, repetitive sequences account 

for 70% of the significance. These repeat-rich chromosomal regions enable the 

classification of HGs in previously unclassified samples at coverage levels as 

low as 0.005–0.0001x, depending on the HG. Tandem repeat mutations, 

feared to occur rapidly, are either not as fast or exhibit distinct repeat patterns 

for different HGs. Extremely low-coverage samples originate from ancient 

burial sites, forensic cases, cell-free DNA, or purposefully low-coverage 

sequencing experiments. This method is also suitable for analyzing enriched 

samples because enriched genome segments and repeats do not overlap.  
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SUMMARY IN ESTONIAN 

Inimese genoomi uuringud k-mer sagedustega 

 

Genoomid on dünaamilised, muteerumine genoomides on permanentne protsess. 

Imetajate, sh. inimese genoom on väga suur, 3,2 miljardit aluspaari samas, kui 

tavalise bakteri genoom on 5 miljonit aluspaari ning viirusel kümned tuhanded. 

Kui inimese genoomi järjestust lähemalt vaadata, siis üle poole genoomist 

moodustavad kordused, mis paiknevad sõltuvalt tekkimise ja funktsiooni tõttu 

kas hajusalt üle genoomi või tandeemselt. Sekveneerimismetoodikad määravad 

ära genoomi osad, mida saab varieeruvuse tuvastamiseks uurida. Viimase 

25 aasta jooksul  on inimese genoomi uuringutes toimunud väga suur edasiminek. 

Variatsioonide tuvastamisel inimese WGS andmetest kasutatakse valdavalt 

joonduspõhist meetodit, mis põhineb lugemite paigutamisel referentsjärjestusele. 

Esimene inimese referentsjärjestuse versioon sai teadlastele kättesaadavaks 

2001. aasta veebruaris, WGS andmed aga peale 2007. aastat. Vahepealsel ajal, 

2001–2007, olid teadlastele kättesaadavad SNP alleelivariandid, mis tuvastati 

mikrokiipidega. DNA mikrokiipide kasutus SNP variatsioonide määramisel on 

tänapäevalgi väga lai, Eesti Geenivaramu 200000 ja 23andMe Holding Co. üle 

15 miljoni proovi on genotüpiseeritud Illumina Inc. kiibiplatvormi kasutades. 

Käesolevas töös on genoomi uurimise andmeühikuks k-merid (25 aluspaari 

pikad), mis on valitud kas referentsjärjestusest, WGS andmetest või teoreetiliselt 

eksisteerivate seast ning lisaks on sekveneerimisandmetest leitud k-meride sage-

dused. Edasine variatsiooni kirjeldamine on joondusvaba, mistõttu joondusele 

kuluva aja võrra on variatsiooni tuvastus kiirem.  

Kui SNP põhisel kiibil on andmepunkte miljonites, siis WGS andmetes on  

k-mer niipalju, kui inimese genoomis erinevaid k pikkusi järjestusi on, üle 

2,5 miljardi. Siin töös me näitasime, et dbSNP andmebaasis olevad ühenukleo-

tiidsed variatsioonid on tuvastatavad nii nagu on tuvastatavad need, mis dbSNP 

andmebaasis veel kirjas ei ole. Siin juures tuleb rõhutada, et iga SNP ei ole kiibi-

kõlbulik oma järjestuse spetsiifikast tulenevalt ning k-mer põhisel tuvastamisel 

on täpselt samasugused variatsiooni asukoha arvust tingutud piirangud. 

SNP-de tuvastamisel, mis põhineb joondusel, leitakse nii juba teadaolevad kui 

ka uued SNPd. Kirjeldamine õnnestub hästi geene sisaldavates kromosoomi piir-

kondades, kus geeni ja tandeemse korduse koopiaarv ei ole väga suur. DNA 

järjestuse korduvates osades on aga raske muutusi tuvastada, kuna joondamisel 

lühikesed lugemid ei suuda neid piirkondi ühtlaselt katta. Ka joondusvabad 

meetodid, mis põhinevad k-meride analüüsil, on piiratud täpsusega seni, kuni 

populatsioonis eksisteerivaid alleele ei ole täispikkuses järjestatud. Lahenduseks 

on pakutud graafipõhise pangenoomi kasutamist, mis võimaldab täpsemalt mää-

rata kõik variatsioonid. Kuni täiuslikku pangenoomi pole olemas, saab k-meride 

sageduste põhjal hinnata ligikaudset geeni- ja tandeemse korduse koopia arvu. 
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Käesolevas uuringus näidatakse, et k-mer põhine koopiaarvu hinnang on bio-

loogiliselt tähenduslik, kuna see seostub hästi transkriptsioonifaktorite seostumis-

kohtade arvu ja allavoolu oleva geeni avaldumise tasemega VNTR-järjestustes. 

Käeoleva töö kõige põnevam tehniline ja teaduslik osa on Y-kromosoomi 

haplogruppide määramine väga vähese DNA koguse (0.005x–0.0001x e. 0.5–

0.01% genoomist) põhjal, kasutades miljoneid k-meride kombinatsioone. Tava-

liselt vajatakse usaldusväärseks SNP alleelide määramiseks vähemalt 20x 

katvust. Y-kromosoomist on pool tandeemselt korduv ning sellest põhjustatuna 

oli nimetatud piirkond jäetud varasemates uuringutes kõrvale. Meie lähenemine 

on eriline, kuna kasutame just seda kordust kui DNA loomuliku „võimendusest“, 

mis oleks kui laialdaselt kasutatav PCR tehnoloogia. Aja jooksul on meie poolt 

kasutatavad korduvad piirkonnad kogunud unikaalseid muutusi – nii DNA lõigu 

väljalõikamist kui ka juurde kasvamist. Kuna need piirkonnad ei rekombineeru 

ei X ega teistsuguse Y kromosoomiga, tekib Y kromosoomi haplogrupile ise-

loomulik muster. Meie k-meride kombinatoorikal põhinev meetod koos kaugus-

põhise mudeliga suudabki määrata Y haplogrupi ka sellistest proovist, mille 

puhul varasemad meetodid ebaõnnestusid. 
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