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Abstract  

OBJECTIVE: The aim of this thesis is to summarize the contributions of NGS techniques in 

the genetic diagnostics, and discuss some challenges with the NGS-techniques.  

BACKGROUND: Next generation Sequencing (NGS) provides important genetic tools such 

as Whole Genome Sequencing (WGS), Whole Exome Sequencing (WES) and Targeted 

Sequencing of gene panels. The techniques are used in the genetics to identify disease-causing 

mutations in known genes and to further analyse patients without a genetic diagnosis -  thus 

identifying “novel diseases genes”. The NGS techniques have over the last decade become 

important approaches in medical genetics.  

 METHOD: Mainly a systematic search on the databases; PubMed and Cochrane library with 

a main focus on systematic reviews, but also some single studies used as examples. The 

articles are retrieved in the period between January 2017 and January 2018. Only articles 

written in English are included 

DISCUSSION AND CONCLUSION: NGS-techniques are the best methods detecting single 

nucleotide variation (SNVs) and small deletions and duplications (INDELs), but not 

efficiently detecting larger structural variants and repeat expansions. Long-read sequencing 

will be better at detecting these variants and is expected to play an important role in the future 

use of NGS. In addition, the main bottleneck in the genetics today when using NGS to 

identify disease-causing mutations is to understand the clinical significance of the genetic 

variants detected. This might change in the future as NGS are fast developing tools that are 

used to reveal knowledge of gene function and the consequences of mutations in patients. 
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1.  Preface 

This thesis is about next generation sequencing (NGS), and how these techniques have become a large 

part of the genetic diagnostics over the last decade.  The thesis explains how some of the different 

mutation-detection techniques work and what kind of genetic variation these techniques may identify. 

This is explained in order to compare other genetic diagnostic techniques with next-generation 

sequencing. To do this the text starts with a general overview of genetics including different classes of 

mutations. It’s important to describe the techniques that have existed for a while and the challenges 

with these techniques and also describe the pros and cons of the new techniques for genetic analysis. 

The NGS techniques have made important contributions in the genetic diagnostics, but it is also 

important to be aware of the challenges. Has NGS made all the other genetic diagnostic techniques 

redundant? 

2. Method  

This paper is a non-systematic review of the next generation sequencing techniques, with a 

main focus on exome analysis, and what these techniques has contributed with in the 

diagnosis of rare diseases. Supervisor in this paper is professor Eirik Frengen. The databases 

used are mostly Cochrane library (http://www.cochranelibrary.com/) and PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed/). In addition to the databases, I’ve used  the reference 

lists in the articles I’ve read, and found additional articles there. The articles are retrieved 

between january 2017 and january 2018.  Mainly systematic reviews are included, but also 

some single studies as examples. I’ve also used the doctorial thesis written at the University 

of Oslo by Pedurupillay, Christeen. I’ve used the 5th edition of the textbook “Medical 

genetics” written by Jorde LB, Carey JC and Bamshad MJ, no further textbooks were used. 

I’ve also used the website made by “Genetic home Reference”. In addition to the articles I’ve 

also being trained for four weeks at the genetics department at the University of Oslo (UIO), 

following some of the doctors/bioingeneers there. This contributed to my understanding of 

how the genetics lab work, and also showed me how the next generation sequencing analysis 

actually works. 

  

http://www.cochranelibrary.com/
https://www.ncbi.nlm.nih.gov/pubmed/
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3. Introdution - About genetics 

3.1. Genome 

3.1.1. Chromosome and karyotype 

The human genome includes the nuclear and mitochondrial DNA. DNA is composed of 

nucleotides. The nucleotide consists of one of the four bases: adenine (A), guanine (G), 

cytosine (C) and thymine (T), connected to a sugar-phosphate backbone and organized in a 

double helix in DNA.  

All somatic cells in humans consist of 46 chromosomes (23 pairs of chromosomes), they are 

diploid cells. The chromosomes in metaphase are visible under a microscope, and were 

visualized for the first time in the middle of the 1800s. In the 1950 new and better techniques 

were developed to observe the chromosomes(1, p. 103).  Chromosome pair consists of one 

copy from the mother and one copy from the father. One of the 23 pairs consist of sex-

chromosomes. Males usually have one Y – chromosome and one X – chromosome, and 

women usually two X – chromosomes. Gametes usually have 23 chromosomes. They are 

made through meiosis, which is a process including a reduction phase. This means that one 

diploid cell forms haploid daughter cells, where each of the two haploid cells got one of each 

chromosome pair.  

A commonly used method to 

analyse the chromosomes is to 

collect living cells, for instance 

leukocytes from the blood. The 

cells get stimulated to grow 

using a mitogene, and after a 

couple of days in culture, the 

spindle apparatus is inhibited 

usually by Colchicin. After 

fixation and staining the chromosomes can be detected. Karyotyping is the determination of 

the form, size and number of the chromosomes in the cell nucleus (3) Figure 1 shows the 

karyogram, also called karyotype. The chromosomes are numbered after their size and the 

centromere’s position. The short arm is labelled p (petite) and the long arm is called the q 

arm. 

Figure 1: A normal male (left) and female (right) karyotype 

(Retrieved from 2) 
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3.1.2. The human gene 

It’s estimated to be 20 000 to 25 000 protein coding genes in the human genome. A gene is a 

part of the DNA that codes for RNA (Ribonucleic acid) or proteins (1, p. 6), including the 

promoter. Most protein coding human genes consist of introns and exons. The introns are the 

largest part of the gene. About 2% of the genome consists of exons (5), and about 1 % of the 

human genome consist of the protein coding parts (6). 

To make proteins, the information in the DNA must be transported out of the nucleus to the 

cytoplasm, where the protein synthesis takes place. The DNA is transcribed in to RNA, which 

is processed into messengerRNA (mRNA) and transported out from the nucleus before the 

nucleotide sequence is translated into an amino acid sequence. 

3.1.3. Transcription and splicing of the primary transcript 

 

The transcription process 

produces a primary RNA-

molecule using a DNA 

molecule as a template (Figure 

2). This process is performed 

by RNA-polymerases usually 

starting transcription 

downstream of the promoter 

region of the gene. RNA polymerase 

moves in a 3’-5’ direction on the DNA 

template, and the growing RNA is 

synthesized in the 5’-3’diretion. The 

5`end of the transcript gets a CAP, the 3-end a poly-A tail, both which are involved in the 

stabilization of the RNA molecule (1, p. 12). 

Most primary transcripts are spliced before they are transported out of the nucleus. In the 

splicing process (figure 3), introns are removed from the primary RNA. The mature mRNA 

therefore only consists of the exons, which includes the protein coding parts of the gene. Most 

Figure 2: An illustration of the transcription process 

with the sense and antisense strand. RNA polymerase 

moving in a 3’ to 5’ direction on the template adding 

nucleotides in the 5’-3’ direction n the growing 

transcript (Retrieved from 7) 
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human genes are alternatively spliced. 

This means that the same primary 

transcript can lead to different mature 

mRNA molecules and therefore produce 

different protein variants (1, p. 15).  

 

 

 

 

3.1.4. Translation 

The translation process includes four steps: Initiation, elongation, termination and post-

translation processing of the protein (9). The translation happens in the ribosomes outside of 

the nucleus. The ribosomes consist of ribosomal RNA (rRNA) and proteins. The mRNA is 

template for the translation. The amino acids can’t bind directly to the mRNA. The amino 

acids bind to the 3’ end of the tRNA (transfer RNA)  

The rRNA helps the mRNA and the tRNA to bind to the ribosome. The ribosome contributes 

with the formation of covalent bindings between the amino acid.  

The translation initiation starts when the ribosome 

finds the start codon AUG in the mRNA. The 

translation continues in a 5’ to 3’ direction until the 

ribosome meets a stop codon. This is called the 

elongation step, with elongation for every amino 

acid added. When the ribosome finds a stop codon, 

the termination begins. The termination step is 

when the mRNA, the ribosome and the polypeptide 

separate, and if the polypeptide is made on 

free ribosomes it will be released to the 

cytoplasm. If the polypeptide is synthesized 

on ribosomes on the endoplasmic reticulum 

(ER), it will go in to the ER for further processing (1, p. 15-16).  

Figure 3: An illustration of alternative splicing of the 

primary transcript. The introns are removed from the pre-

mRNA, and the same primary transcript gives two 

different mature mRNAs (Retrieved from 8) 

Figure 4:  An illustration of the translation process 

where the genetic code is translated in to a 

polypeptide. The process happens in the ribosome 

in a 5’ to 3’ direction (Retrieved from 10) 
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Before the polypeptide is functional it must often go through various posttranslational 

modifications, which can for example be addition of carbohydrate side chains or cleavage of 

the polypeptide in to smaller polypeptides. Posttranslational modification can also be 

formation of larger proteins through combination of several polypeptides. These 

modifications can lead to stabilization of the polypeptide structure or give the protein a proper 

folding (1, p. 18).  

3.1.5. Gene regulation 

An almost identical genome exists in all the autosomal cells in the body, but the gene 

expression is specific to each tissue or cell type. In addition to the general transcription factors 

that are used by all cells, specific transcription factors initiate transcription only in the cells 

where they are expressed. Enhancers, which can be located several thousand bases 

downstream or upstream for the protein coding gene, can increase the transcription activity 

further. These enhancers can be bound by activators, a special class of transcription factors. 

The activators bind to co-activators, and the co-activators binds to the general transcription 

factors. In addition, silencers can supress these interaction series, and therefore can lead to 

less transcription (1, p. 12-13). These specific transcription factors contribute making specific 

cells and tissue. 

Chromatin coiling/condensation is important for regulation of gene activity. The more 

condensed the DNA is, the more difficult it is for the transcription factors to attach. The 

chromatin is a combination of histone proteins around the DNA itself. Acetylation of lysine 

units in the histones will usually lead to less decondensed chromatin. These decondensed 

parts of DNA are called euchromatin. Heterochromatin is the opposite, a more condensed part 

of the DNA, and therefor transcription is usually less active (1, p. 14). 

3.1.6. Repetitive DNA in the human genome   

The human genome contains both single copy sequences and repetitive DNA. Several 

repetitive DNA sequences are repeated several thousand times in the genome. The repetitive 

DNA can be divided in two subgroups;  

Satellite DNA: the satellite DNA is clustered together in specific regions of the chromosomes. 

8-10% of the human DNA consists of satellite repeats. Minisatellites are tandem repeats of 

14-500 bp repeated a few thousand times. Microsatellites are 1-13 bp repeated with a total 

length of about a few hundred bp (1, p. 21-22).   
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Dispersed repetitive DNA: DNA-sequences scattered through the genome. The dispersed 

repetitive DNA account for about 45% of the human genome. The most abundant subtypes 

are LINEs (long interspersed elements) and SINEs (short interspersed elements). LINEs can 

be as large as 7000 bp, while SINEs are 90bp-500bp (1, p. 21-22). 

3.1.7. Mitochondrial DNA  

Almost all human cells contain mitochondria and the mitochondria contain their own DNA 

(mtDNA)(1, p. 104). The mitochondrial genome holds 37 genes. The genes express tRNAs, 

rRNA and some enzymes involved in oxidative phosphorylation (11). There are several 

hundred mitochondria in each cell, and they all have their own population of mtDNA. The 

different mitochondria may have different genetic variants, which is called heteroplasmy. 

3.2. Genetic variation  

A large amount of genetic variation is detected when comparing genomes in the population. 

This genetic variation is important for the phenotypes of each person such as traits like skin-, 

hair- and eye colour. Other traits like blood pressure, cholesterol and diseases like cystic 

fibroses are affected by genetic variation (1, p. 28). The 1000 genomes project found that a 

typical human genome differ from the reference human genome in around 4.1 – 5.0 million 

loci (12).  The genetic variation in a population is a result of mutations over time. Germline 

mutations affect the cells that produce the gametes, and can therefore be inherited from one 

generation to the next.  If two DNA variants at one locus are more common than 1% in a 

population, it’s defined as polymorphisms (1, p 28). Of the 4.1-5.0 million variants per 

genome, 40 000 – 200 000 have an allele frequency in the population of less than 0,5 % (12). 

The sequence of the human genome is continuously changing, enabling our species to adapt 

and evolve. 

3.2.1. Types of genetic variation 

Larger scale variation  

Chromosomal variation 

Chromosomal variation can be either numerical or structural.  

Numerical chromosomal variation can be divided in to two types: Aneuploidy and polyploidy. 

Aneuploidy is when the chromosome number is not multiple of the haploid number (13, p. 

493), e.g. monosomies and trisomies. Aneuploidy often leads to miscarriages, still births or 

spontaneous abortions. The most common reason that lead to aneuploidy is non-disjunction in 

the maternal meiosis (13). 
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Sex chromosomal aneuploidy, is more common than autosomal aneuploidy in live born 

infants. Approximately 1 in 400 males and 1 in 650 females have a form of a sex 

chromosomal aneuploidy. The consequences of an aneuploidy in the sex chromosome is less 

severe than an aneuploidy in the autosomal chromosomes (1, pp. 108-114). 

The other form of chromosomal abnormality is called polyploidy, which is a gain of a whole 

set of chromosomes in a cell. This is lethal in human and it is almost never seen in live born 

babies (1, p. 108). 

Structural chromosomal variants can be divided in to balanced (no loss or gain of 

chromosomal material) or unbalanced (the rearrangement results in loss or gain of 

chromosomal material) these variants can result in severe disease, specially the unbalanced 

forms, but balanced forms often don’t lead to grave health consequences(1, p. 118).  

Inversions and translocations can be balanced, and deletions, duplications and some insertions 

and translocations are unbalanced. Different forms of structural variants are shown in figure 5. 

Copy number variation 

is a form of unbalanced 

structural variants (14).  

 

 

 

 

 

 

Figure 5: This figure illustrates different structural variants. Duplication is a copying/ doubling of a 

DNA-region.  Deletions are loss of genetic material. If the deletion is large enough to be detected in a 

microscope, several genes are usually lost, leading to severe symptoms. If the deletion is too small to see 

in a microscope, it’s called microdeletion. Techniques like FISH and aCGH has made it possible to 

detect deletions that fall in this category (1, s. 107-108). Inversion are when the orientation of a part of 

the genome is reversed. Translocations are when a part of one chromosome gets transferred to another 

chromosome. If the two chromosomes exchange segments, without any loss of DNA, the translocation is 

called balanced. Insertions is the addition of a chromosome region into another chromosome. The result 

may be a duplication (Retrieved from 15): 
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Copy Number Variation  

Copy number variants (CNVs) vary in the number of copies of a specific chromosome region 

between individuals (14, 16, 17). CNV is a common feature in the human DNA, and 

depending on the chromosomal region involved it can be normal variation or it can lead to 

disease or even embryonic lethality. The phenotypic effects are mainly depended on the 

affection of the dosage-sensitive genes or the regulatory sequences in the affected region of 

the genome (18). A large fraction of these variants arise by nonallelic homologous 

recombination (NAHR) (16). NAHR can occur when DNA sequences at different places in 

the genome sharing identity of more than 90%  and lead to misalignment of the chromosomes 

in the meiotic prophase 1 (18). As much as 13 percent of the human genome varies in copy 

number between individuals in the population (18).  

Smaller scale variation 

Smaller scale variation includes two types of genetic variation: Single nucleotide variants 

(SNVs) and indels.  

Single nucleotide variants SNVs: 

SNVs is a difference between genomes in one single nucleotide, for instance can a guanine 

(G) nucleotide be replaced by a cytosine (C) nucleotide. The SNVs are the most frequent form 

of genetic variation, it occurs as much as 10 million times in a human genome, which means 

that there are one SNV for every 300 nucleotide (19). A SNV where both alleles have a 

population frequency >1% is defined as a Single nucleotide polymorphism (SNP). 

INDELs 

Smaller insertions or deletions are called INDELs (14). The frequency of indels in the human 

genome is the second most common genetic variation after SNVs, and several million small 

INDELs have been discovered in the human genome (17).  

Consequence of smaller scale mutations 

Missense mutations cause a change of the meaning of a codon resulting in a change from one 

amino acid to another. Nonsense mutations result in a stop codon. A frameshift mutation is 

caused by one or several bases being removed or added in a coding region. This leads to a 

change of the downstream codons. Silent mutation is a change of a nucleotide, but without a 

change in the amino acid encoded (20). 
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3.3. Genetic diseases 

Genetic disorders can be divided in to different types/groups: Chromosomal disorders, 

monogenic disorders, mitochondrial disorders and multifactorial disorders (1, p. 3). 

3.3.1. Chromosomal disease 

Numerical chromosomal disease 

There is a large phenotypic variability within the different syndromes. The most used clinical 

indications for a chromosomal analysis is multiple congenital malformations in a newborn or 

developmental delay in a child (1, p. 128). Chromosomal abnormalities are detected in 50% of 

the first trimester spontaneous abortions and 20 % of the spontaneous abortions in the second 

trimester (1, p. 103)  

Examples:  

The most common autosomal trisomy in live born is trisomy 21, which leads to Down 

syndrome and has an incidence of 1 in every 700-1000 live births (1, p. 110). Trisomy 18 and 

13 are the only additional autosomal aneuploidies detected in live born babies, with an 

incidence below 1 in 6000 live births. Less than 5 % of these babies are alive after one year 

(1, p. 112-114) 

Diseases caused by structural variants 

There are several recurrent structural variants that lead to variable phenotypes. One example 

is the DiGeorge syndrome and velocardiofacial syndrome, here there is partially overlapping 

deletions in the 22q11 band.  For some of the structural variants, a single gene is thought to be 

responsible for most of the phenotypic effects, while in other cases several genes contribute. 

Gene-dosage is an important term in this disease-group, for instance if a gene is duplicated 

the result can be increased dosage of the gene product. If a gene is deleted, it can unmask 

recessive alleles (3). CNVs have been associated with diseases like Crohn’s disease and 

autism (14, 16). 

3.3.2. Monogenic diseases 

Diseases caused by microsatellites 

Repeat expansions have been identified to be the cause of more than 20 genetic diseases. One 

example is Huntington disease. Huntington disease is caused by repeats in the trinucleotide 

“CAG” causing an expanded glutamine repeat in the protein huntingtin. The normal range of 

the repeat is 10-35 repeats and the disease-causing range is approximately 50-100 repeats 
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(1, p. 97). Other examples of diseases associated with repeat expansions are Fragile X 

syndrome and Friedreich ataxia (1, p. 99) 

Diseases caused by INDELs and SNVs 

INDELs can lead to different forms of mutations. If the INDEL is multiple by 3bp, it will not 

lead to a shift in the reading frame, but it can lead to in-frame changes. For example, cystic 

fibrosis is frequently caused by an INDEL in the gene CFTR, which causes a deletion of a 

single amino acid. Other in-frame mutations might lead to less severe consequences. INDELs 

can also lead to a shift in the reading frame. This class is generally expected to abolish gene 

function, but this also depends where in the gene the INDEL is located (17). SNVs can lead to 

in frame changes, and can therefor also cause disease.  

The inheritance of monogenic diseases  

Monogenic disorders are caused by mutations in one single gene.  Monogenic disorders often 

follow a Mendelian inheritance pattern.  In dominant diseases, one affected allele is enough to 

lead to the disease (disease-causing mutation in only one of the two alleles – the patients are 

heterozygous). In recessive disease both the two alleles of a gene must be affected. The 

disease-causing mutation can be autosomal or located on the X- or Y-chromosome (figure 6-

10) 

Autosomal dominant inheritance is caused by a heterozygous mutation. There may be a 

history in the family with several family members being affected of the 

disease (11), except when a de novo mutation occurs.  

 

 

 

 

Figure 6: In autosomal dominant diseases both males 

and females are affected equally. One of the parents are 

usually affected, and then there is a 50% chance of 

inheritance of the mutated gene to the offspring 

(Retrieved from 21). 

 

 



15 
 

Autosomal recessive diseases usually manifest in homozygotes. It can be 

the same mutation in both alleles (homozygote) or two different 

mutations in the same gene (compound heterozygote). The parents are 

usually healthy (11).   

 

   

 

 

 

 

Dominant disease-causing mutations on the X chromosome are inherited from the mother to 

the daughter or son, and from a father to 

a daughter. It cannot be inherited from 

father to son, since the son will receive a 

Y-chromosome from the father (11).   

 

 

 

 

Figure 7: Both the parents of a patient are usually carriers except when a de 

novo mutation occurs. If both the parents have an affected gene there is a 

25% risk of the children to inherit the disease (Retrieved from 21) 

Figure 8: X-linked dominant inheritance pedigrees is illustrated. The inheritance pattern is different 

depending on the affected parent. If the father is affected, all the daughters will get affected and none of the 

sons. If the mother is affected, both the daughter and the son can get the mutation with a 50% chance 

(Retrieved from 22) 
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X-linked recessive disorders show a predominance for development in males. This is because 

the males usually only have one X-chromosome. The women can be 

carriers, and if the woman is a carrier it’s 50% chance for the son to 

be affected. Females can also be affected, but then they must inherit 

one disease-causing allele also from the father who has the disease. 

Alternatively, females can be affected when the X-chromosome 

inactivation is skewed resulting in a large fraction of the cells in her 

body expressing only the genes on the X-chromosome that contain 

the mutated gene (11).  

 

 

 

Y-linked inheritance shows transfer from father to son. All the males with the disease-causing 

gene are affected, and all the sons of an affected male 

will be affected. None of the females will be affected, 

since they don’t’ have a Y-chromosome (11).  

 

: 

 

 

 

 

 

Exceptions from Mendelian inheritance  

In some families, one can observe exception from the Mendelian inheritance patterns. The 

difference from the Mendelian pattern can be explained as reduced penetrance or variable 

expressivity.  

Figure 9: X - linked recessive inheritance have a predominance 

for development in males. If the woman is a carrier it’s 50% 

chance for the son to be affected. Females can be affected if both 

X-chromosomes are affected or caused by x-inactivation 

(Retrieved from 23): 

Figure 10: The X-linked inheritance illustrated in this figure shows that all the 

sons from an affected father will be affected and none of the daughters 

(Retrieved from 24).  
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Penetrance: “a person who has a disease-causing genotype might not exhibit the disease 

phenotype at all, even though he or she can transmit the disease-causing allele to the next 

generation” (1, p. 80). Then the penetrance is incomplete, meaning that some of the people 

with the disease-causing variant lack the phenotype. Some mutations  have a higher 

penetrance in one population compared to other populations (11).  

Variable expressivity describes the degree of the manifestation of the disease. Some people 

can have a more severe phenotype than others with the same mutation. Environmental 

exposures and genetic modifiers can affect the expressivity of the mutation (11). 

Pleiotrophy is that one mutation in one gene can produce several different phenotypic effects. 

The effects are often in different tissues or organs (11).  

Anticipation is that there will be increasingly severe symptoms in successive generations 

(11). Good evidence supports that anticipation is a part of for instance diseases caused by 

repeats expansions (1, p. 96-97). 

Imprinting is that expression of some of the traits is dependent on whether a gene was 

inherited from the mother or the father, this is due different epigenetic modifications of some 

genes in the spermatogenesis compared to oogenesis. This imprinting leads to inactivation of 

the paternal or maternal genes (11). 

Sex-limited expression is a term describing the inheritance of traits depending on the sex. 

Male boldness is an example. Females can be carriers of a dominant mutation, but only the 

males will develop the trait. All the males receiving the gene will be affected, but none of the 

females. Therefore it’s called a dominant mutation with a sex-limited (limited to just males) 

expression (11).  

Mitochondrial inheritance 

The mtDNA is transmitted directly from the mother to the child with no paternal involvement 

(with rare exceptions) (1, p. 92) 

A Mosaic individual has cells with different genotypes. The mutation event resulting in 

development of two different cell populations often occur in the blastocyst. If it occurs in a 

later phase, a smaller proportion of cells will be affected, and usually the phenotypic effect is 

less severe (11). The mosaicism can be germline or it can be somatic (25). If the mutation 

shall be inherited it has to be present in the gametes. Occasionally the same apparent de novo 

mutation appears in siblings, indicating parental gonad mosaic in healthy parents (26). 
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3.3.3. Mitochondrial disorders 

Mitochondrial disorder can be caused by mutations in nuclear DNA or in mtDNA (27). If the 

mitochondrial disease is caused by mutations in nuclear DNA, the most common cause is 

recessive inheritance. If the cause of the mitochondrial disorder is mutated mtDNA the 

inheritance is caused by mitochondrial inheritance (27). mtDNA has heteroplasmy and 

variable expression depending on the amount of mutated mtDNA (1, p. 92). 

3.3.4. Multifactorial disorders  

Multifactorial disorders result from a combination of multiple environmental causes and 

genetic causes. Examples of multifactorial diseases can be adult disorders like heart disease 

and diabetes, but it can also be congenital defects like cleft lip and cleft palate (1, p. 3).  

4. The detection of genetic variation  

4.1. The identification disease-causing variants 

The methods used for the identification of disease-causing variants can be categorized in two 

groups: Hypothesis-driven methods and hypothesis-free methods. In the first group, 

identification of mutations underlying disease-phenotypes requires widespread knowledge of 

the biology of the disease. The doctors and researchers develop a hypothesis based on the 

clinical observations of the patient, and it can be explored further by analysing specific genes. 

This approach is locus-specific. Multiplex Ligation-dependent Probe Amplification (MLPA), 

Fluorescence In Situ Hybridization (FISH) and Sanger sequencing are methods used in 

hypothesis driven approaches. Hypothesis-free methods, also called screening, offer an 

alternative approach of genetic variation. If no hypothesis suggests a locus specific test, then 

screening methods can be chosen. Karyotyping, Microarray-based Comparative Genomic 

Hybridization (aCGH) and SNP-arrays are methods in this category. 

4.1.1. The identification of chromosomal variation 

Karyotype 

By karyotyping the chromosomes in cells from the patients are analysed, facilitating the 

detection of large aberrations usually of larger than 5Mb (28). The karyotype (figure 1) is 

sorted after the chromosome according to length, position of the centromere and the banding 

pattern (1, p. 103). This method may detect balanced aberrations which are not detected by 

aCGH 
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Array CGH (aCGH) 

aCGH is used to scan the human genome for copy number variation (29). The microarrays 

make it possible to detect duplications or deletions less than 50 kb, depending on the array 

used. This allows the detection of deletions or duplications in a single gene (1, p. 119). aCGH 

can detect unbalanced rearrangements, but it cannot detect balanced rearrangements such as 

inversions and translocations (30) 

Fluorescence in Situ Hybridization (FISH)  

FISH uses labelled probes, and therefore the technique is depended on a hypothesis/ a specific 

locus to examine (1, p. 106-107). FISH can detect if a specific portion of a chromosome is 

deleted, so it is effective at detecting syndromes caused by microdeletion, like for example 

Prader Willi syndrome. FISH can also be used to detect extra copies of a specific 

chromosome region – duplications. FISH probes can be combined so the method is able to 

verify translocations identified by karyotyping, and further map the translocation break points. 

It is possible to use multiple colouring, so several different alterations can be detected 

simultaneously (1, p. 106-107). 

Multiplex Ligation-dependent Probe Amplification (MLPA) 

MLPA detects duplications or deletions of genes or exons targeted by the MLPA kit used 

(31). MLPA can detect standard CNVs. It can also be used to confirm the findings done on 

FISH or aCGH. MLPA does not detect balanced structural variants like inversions and 

translocations (30). 

4.1.2. The detection of smaller scale variations  

Sanger sequencing 

Sanger sequencing reads the sequence of one DNA-fragment up to 500 bp-1 kb in size (5). 

Normal deoxynucleotides (dNTPs) are used together with labelled dideoxy dNTPs (ddNTP) 

(32), which are missing the hydroxyl group at the 3’ position (1, p. 62). A normal PCR 

reaction is done, and each time a ddNTP is incorporated the elongation is terminated (32). The 

products are separated by size and the sequence determined by spectral emission analysis 

(32). 

Sanger sequencing is widely used and it is an accurate method. The main challenge with 

Sanger sequencing is its throughput. This means the number of sequencing reactions that can 
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be analysed in parallel. The main bottleneck is the separate sequencing reaction per read and 

the requirement for separation of the DNA products by size (5) 

Sanger-sequencing has been considered to be the gold standard at detecting point mutations 

and small variants, but Sanger sequencing does not detect most of the structural variants. This 

means that Sanger sequencing alone is not sufficient for the diagnosis of many of the genetic 

disorders (30).   

4.1.3. Summary of the detection methods presented 

Table 1 

Method Can detect  

Karyotyping 

- Screening 

Large chromosomal abnormalities including balanced 

inversions and translocations 

aCGH 

- Screening 

CNVs. Does not detect balanced inversions and 

translocations 

FISH 

- Locus specific 

Structural variants like deletions, duplications and 

translocations 

MLPA 

- Locus specific 

The CNVs targeted 

Sanger-sequencing 

- Locus specific, sequencing method 

SNVs and INDELs 

The different methods detect genetic variants. Some of the methods are locus specific and 

some are screening methods. The methods are still used today, but there are some challenges. 

Several methods are good at detecting large chromosomal variants, but it is more difficult 

detecting balanced structural variants. The detection of small variants like point mutations is 

often depended on Sanger sequencing, which is a locus specific method. 

5. The use of NGS 
Genetic diagnostic tools are used in two different ways: 1) examine undiagnosed patients and 

aiming to identify “new disease-causing genes”, and 2) to identify pathogenic variants in 

known disease-causing variants. Before focusing on the second use of diagnostic tools, the 

identification of new disease-causing genes is shortly described including the contribution of 

Next Generation Sequencing (NGS) in this area. The identification of more disease-causing 

genes improves the diagnostic approaches for future patients. This illustrates that the two 

ways the NGS tools are used also are depended on each other.  

5.1. Detection of new disease-causing variants 

The mutations in CYBB, resulting in chronic granulomatous were discovered in 1986 (33) 

This discovery showed that sequencing of genes after mapping was a good alternative to the 

diagnosing techniques used until then. Prior to this discovery the identification of genes 

causing Mendelian phenotypes required large amounts of prior knowledge of the biology of 
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the disease. The discovery of CYBB opened a possibility to discover genes underlying the 

Mendelian phenotypes by a combination of candidate-gene approaches and positional cloning. 

Over the next 10 years 42 genes were discovered underlying Mendelian phenotypes caused by 

these approaches (34).  

The Human Genome Project, the original mapping sequencing of the human genome, took 

over ten years, and the cost was enormous. The of Sanger sequencing was used in the 

sequencing of the human genome (5). From 2010 to 2014, 544 genes were identified using the 

NGS techniques (34) 

5.2. The use of NGS in diagnostics  

Next generation sequencing (NGS) is a high-throughput DNA-sequencing technique, and it’s 

also called “massive parallel” DNA-sequencing. “Next generation sequencing” is a blanket 

term used on all the different new DNA-sequencing techniques with a high throughput. All 

these new techniques can sequence a large amount of different DNA-sequences in one single 

sequencing reaction (5). The techniques are readily used in both research and clinical 

contexts, and the techniques allow rapid diagnosis(35).  

Whole-genome sequencing (WGS), whole exome sequencing (WES) and targeted sequencing 

are different types of approaches using NGS. In general WES and WGS are  hypothesis-free 

methods, while targeted sequencing is a hypothesis-driven method(36). 
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The whole genome sequencing approach is illustrated in figure 11. All the NGS techniques 

uses templates as a starting point. These templates are always double stranded DNA, but the 

source to this DNA is diverse. Genomic DNA and RNA reverse transcribed into cDNA are 

examples of start material. The steps creates a library with DNA-fragments that accurately 

represents the start DNA (5). The sequencing techniques differ between sequencing the 

template directly or sequencing the template after amplification. The latter is the most 

common because most of the platforms used for sequencing are not capable of analysing a 

single molecule (5). Amplification introduces errors and therefore it is not 100% accurate. 

The single-molecule sequences that analyses DNA without the need for amplification of the 

DNA opens up the possibility of for instance analysing DNA from single cells (5). Rizzo and 

Buck (5) wrote in 2012 that the single-molecule techniques starting are at a starting point and 

rarely used, but they predict the technique will be more used and more available in the years 

to come. Goodwin et al. (2016) concluded that amplifying techniques are still used, but single 

molecule techniques are available. The most recent paradigm shift in NGS is the ability to 

sequence long DNA-sequences (32), which will more efficiently detect larger structural 

variants. 

 

Figure 11: This is an illustration of whole genome sequencing. The templates are always double stranded 

DNA, here illustrated with DNA and RNA. The RNA is converted to cDNA – it becomes double stranded. 

The DNA becomes fragmented, size selected and amplified using PCR. This creates a Sequencing library 

that must be processed and analysed (Retrieved from 37). 
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5.2.1. WES   

The around 2% of the genome that consists of exons is named the exome (5). This is the only 

part of the DNA that is analysed in WES. Different processes enrich the exome from the rest 

of the DNA, and these exomic fragments are sequenced and the data is analysed (6). WES is 

widely used diagnostically, with a diagnostic yield up to about 50% (38). Over 85% of the 

known disease-causing mutations has been identified in  the exons, so this makes the analysis 

of just the exomes a reasonable approach (36). 

5.2.2. Targeted sequencing 

Targeted Exome analysis is targeting to the analysis of candidate genes only. This approach 

gives a fast and cheap analysis of multiple genes (5). This is a hypothesis-driven method, 

using gene panels that provides sequence data for a number of genes, which are relevant for 

the disease in the patient analysed. Usually this method is used to make a diagnosis in a 

Mendelian disorder with a number of candidate genes too large for traditional Sanger 

sequencing. The size of the gene panels can be more than 1000 genes. An example is the gene 

panel  “Trioanalyse for psykisk utviklingshemming” (39), used at Oslo University Hospital in 

patients with developmental delay. This gene panel includes more than 1400 genes (39). 

Targeted sequencing can be preferable to WES due to the cost benefit, the depth of coverage 

and a less risk of identifying gene variants with unknown significance (36).  

5.2.3. WGS 

The Whole Genome Sequencing is a method where the whole genome is sequenced. This 

includes both protein coding parts in addition to the introns and intergenic regions including 

the regulatory regions. In other words, it includes the 99 percent of the DNA that the WES is 

excluding. This gives insight in other areas of the genome like regulatory mechanisms, which 

may facilitate identification of disturbances in regulatory mechanisms (32).  

5.2.4. WGS or WES 

WGS and WES are powerful, unbiased approaches for detecting genetic variation within an 

individual, but WES is currently the most frequently used approach diagnostically (6). This is 

mainly because of the higher cost and the need for more computing power and larger data 

storage capacity for WGS (5). A disadvantage with WES is that this sequencing method does 

not detect variants in the non-coding region of the genome (36).  
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5.2.5. Filtering processes   

The output from the sequencing machines needs to be filtered to remove low quality reads, 

and the remaining data is annotated by aligning to the reference genome. The annotated data 

is compared to public databases like the SNP-database and the 1000 Genomes Project (6). In 

addition, there are several local/internal control databases used for comparisons. The filtering 

process will reduce the number of rare variants in the dataset for further analysis. In studies of 

severe rare diseases, variants that are more common than 1 percent in the population are 

usually removed in the filtering process (6) 

Filtus 

There are many tools available for analysing the data that comes out of the Next Generation 

Sequencing. Filtus is a publicly available program developed by Magnus D. Vigeland et al 

(40), which is used to filter the NGS data with the aim of retaining potential disease-causing 

variants. DNA-sequencing methods contain sensitive information, and some countries have 

strict regulations where all human sequencing data have to be analysed offline. Filtus is then a 

good tool to use, it is self-contained and work offline (40). This tool can analyse for the 

autosomal dominant, recessive and the X-linked inheritance. The filtering process will 

substantially reduce the number of variants, which is important in order to succeed in the 

identification of the disease causing mutations (41) 

The genetic variants detected should be classified in to one of the following 5 categories (42): 

Pathogenic: A variant previously reported in several independent patients with similar clinical phenotype, 

and for example supported by functional experiments. For example, nonsense and frameshift mutations in 

genes where LoF (loss of function) is a known disease mechanism is strongly supporting pathogenicity. 

Likely pathogenic: If there is strong, but not conclusive evidence supporting that the variant is implicated 

in pathogenesis of the disease.  

Benign: The prediction of the variant is that it doesn’t alter the gene expression or gene function. One 

important evidence is a high population frequency (>5%).  

Likely benign: The majority of the evidence suggests that the variant is benign, e.g high population 

frequency and/or functional evidence not supporting pathogenicity. 

Uncertain significance: There is not sufficient evidence supporting a benign nor a pathogenic role for the 

variant. Additional research required in order to assess the significance of such variants 
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In order to classify the variants in these categories, Richards et al. divides the strength of the 

evidence for pathogenicity in to: Very strong, strong, moderate and supporting evidence (42).  

After Filtrating trio WES data will normally still have 200 number of variant, which can be 

filtered according to mendelian inheritance patterns, which usually reduces the number of 

variants substantially. All these variants have to be assessed manually, and this can be done 

by using publicly available databases and literature (41, p. 14). Exome Aggregation 

Consortium (ExAC) is a freely available browser that provides a possibility for clinical 

geneticist to explore the population frequency of the variants of interest (43). ExAC provides 

information about the gene, including coverage and variants. Information about the position 

and population frequency of SNVs and INDELs are available. The information includes what 

kind of variant it is, if it for instance is a missense, or a frameshift mutation and the location in 

the gene, for example a missense mutation in a non coding exon (43). ExAC provides 

information about exomes, and not the non-coding regions of the genome(43) 

6. The use of NGS   

6.1. The use of WES to identify disease causing variants in monogenetic diseases  

6.1.1. The identification of inherited mutations  

There is a large probability for a disease to be monogenic if there is a familial recurrence of a 

rare disease. Autosomal recessive disorders have overrepresented the NGS-diagnostics in the 

early years. NGS has also been used in X-linked pedigrees and identified mutations in the X-

chromosome.  The distinction between a sex-chromosomal inheritance pattern and an 

autosomal inheritance pattern is not always easy. NGS-sequencing has therefor also identified 

X-linked mutations in families where autosomal mutations was expected, but not found (6).  

It is also possible to detect familial autosomal dominant mutations using NGS and some 

autosomal dominant disease-causing mutations have been identified, but the identification of 

these mutation has shown to be more challenging. Reasons for this can be a large number of 

candidate genes, and small family sizes. If the family is large and there is an absence of 

obvious disease-causing variants, the reason can be that the mutation possible is in non-

coding area of the DNA that’s not included in WES (6).  

6.1.2. The identification of de novo mutations 

The detection of de novo dominant mutations has proven to be much easier than inherited 

mutations. The reason is that there are few variants found in the child that not is found in the 
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parents. To do this identification the DNA from both parents and the child must be sequenced. 

If a few unrelated families (parents and child) with presentation of the same sporadic disease 

are examined, and a de novo mutation is found in the same gene in these families, this can be 

enough to identify a de novo mutation as the disease-causing in a novel disease gene (6). 

6.1.3. Using NGS to detect mosaicisms  

The detection of mosaic conditions has been challenging. The mutation can be tissue-specific, 

and therefore not detectable when analysing one tissue, and therefore the detection of a 

mosaic mutation may require samples from several tissues. NGS can be used to detect 

mosaicisms. One way is to sequence DNA from an affected tissue and compare with an 

unaffected tissue to identify the mutation. It is also possible using when using NGS to identify 

low-level mosaic when only one tissue is sequenced. One challenge with this is to 

differentiate between sequencing errors from real mosaicisms when the mosaicism levels is as 

low as 2 % (6). NGS has led to a rapid increase in the recognition of mosaic disorders (25).   

7. Discussion and Conclusion  

After the introduction of NGS there has been a lot of genetic discoveries in monogenic 

diseases using these methods. All these discoveries of new disease-causing mutations have led 

to more patients getting a molecular diagnosis. NGS has proven to be a good diagnostic tool 

identifying mutations in known disease-causing genes, and in addition NGS can be used to 

identify new disease-causing genes. 

7.1. NGS used diagnostic today 

WES is the most used NGS-technique today. It is a valuable tool and has discovered many 

genes and diagnosed many patients . WES is mostly used because the lower cost, less 

requirements for data-analysis and -storage, and because the search is limited to variants that 

can be understood. This means that the non-coding DNA including redulatory sequences are 

not sequenced (32). 

7.1.1. WES or WGS? 

Sun et al. (2015) analysed nine patients with intellectual disability (ID) both by WES and 

WGS, and they found that the WES performed as good as WGS (44). Fang et al. (2014) 

studied INDELs  with WES and WGS and they found that WGS is much more efficient than 

WES in detecting INDELs (45). Both Gilissen et al (2014) and Belkadi et al. (2015) compared 

WES and WGS in more than 50 unrelated patients and concluded that WGS was better at 

detecting potential disease-causing variants, even within the exome (46, 47). Turner (2016) 
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compared WGS and WES data from 208 autism patients from 53 families. Their conclusion 

was that smaller, often multiple CNVs in regulatory regions which were not detected by WES 

are important risk factors for autism (48). 

These examples illustrate the ongoing discussion amongst the geneticists about which of the 

two analysing methods that should be chosen. WGS is claimed to be more efficient than WES 

to detect disease causing variants even within the exome, and WGS can detect variants in the 

non-coding areas of the DNA. The preference for WES is frequently discussed and WGS is 

expected to become the most used NGS techniqe in the near future (32). 

7.1.2. What kind of genetic variation can NGS detect? 

NGS, with WES as its most used method, has shown to be an effective method to detect 

SNVs and INDELs. Most of the detected mutations has been autosomal recessive (6). In 

addition is sanger sequencing depended on a hypothesis and has a higher cost if not 

sequencing very few genes (49).  

NGS has lead to a rapid identification of new disease genes, and these genes are also 

becoming a part of the diagnostic sequencing. In addition, a mutation detected in a familiy can 

easily be tested by Sanger sequencing of other family members and in fetuses.  More 

mutations become available for the targeted exome sequencing, so the hypothesis-driven NGS 

is also more used and able to identify more mutations in patients (32). There are several 

targeted exome sequencing gene panels existing today. For example, Oslo 

Universitetssykehus currently has 14 different panels listed online, e.g Mitochondrial 

diseases, movement disorders and mental retardation (50). The diagnostic yield depends on 

the phenotype tested. For example the panel for Mitochondrial diseases used at Oslo 

Universitetssykehus has a diagnostic yield of 20-30% (27). 

Mosaic mutations have always been challenging. NGS has shown that it also has increased the 

detection of mosaic mutations (6, 25). Some of the other tools can detect some mosaicisms, 

like FISH and array-techniques, but SNVs and INDELs cannot be detected using these 

technologies (25). If the mosaic mutation is present in the tissue analysed, there are still some 

difficulties detecting mosaic mutations using NGS, especially if the mosaic mutation is low-

level – the difficulty is to differentiate these mosaics from sequencing errors. Analysing the 

parents, NGS can also detect some mosaicisms in healthy parents (26). 

The number of great discoveries done by NGS doesn’t mean that all the other analyzing 

techniques are superfluous. There are several genetic variations that NGS has trouble 
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detecting.  In the study of numerical chromosomal diseases on a clinical suspision, 

aneuploidies can easily be tested by e.g. PCR This can also be done prenatally by using the 

mothers blood (NIPD). The identification of larger structural variants has proven to be 

difficult using NGS. Microarrays are still used to detect CNVs, but NGS is becoming a larger 

part of this structural variant investigation. NGS can detect smaller variants, but mostly 

deletions. Microarrays are still better at detecting duplications, and is currently better at 

spotting small differences in copynumbers (14). There are no techniques available today that 

can capture all the structural variation in the genome(14).  

NGS is also limited at detecting repeat expansions. This is important in especially neurology 

with conditions like myotonic dystrophy, Friedrich’s ataxia and Huntington disease whom 

occur due to trinucleotide expansions (51). When clinical suspicion occurs, repeat expansion 

can easily be tested by e.g. PCR – to test for specific diseases.   

Read lengt is a limitation for most current NGS-techniques. The average read length on the 

most common sequencing platforms are 30-400 bp, which is much less than the Sanger based 

sequencing on 500bp – 1kb – even though Sanger sequencing is locus specific and therefore 

not able to detect unknown structural variants (5). Paired-end sequencing is the standard 

method today when the human genome is resequenced. Paired-end sequencing is pairing of 

forward and reverse reads, so that both ends of the linear DNA-fragments is mapped. Pair-end 

or mate pair sequencing can detect structural variants like translocations and deletions 

because these the techniques add information about sequences that co-occur on the same 

template (5). Also, the ability to use longer stretches of DNA has made it more possible to 

read and map repetitive sequences (32). These techniques are not used in standard sequencing 

today, but are expected to become a larger part of the diagnostics in the near future (5).  

7.1.3. Diagnostic yield using WES 

In six patient groups from four different studies WES analysis had a diagnostic yield of an 

average of 24,1% (Table 2) with a range between 3% and 52%. The examples illustrate that 

there are some variations in diagnostic yields depending on both the project and the patient 

group. The three first projects in the table 2 have mainly neurological patients, and these 

examples have all a diagnostic yield close to 25%. The three examples that stands out are the 

groups “colorectal cancer” “blindness” and the group “mitochondrial diseases”. These three 

examples are from the same study, which illustrates that different patient groups in the same 

study can have different diagnostic yields, which can have several reasons like for example 

patient selection, type of disease, number of disease-causing genes identified. There are 
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several reasons possible for the low diagnostic yield for colorectal cancer. It can for instance 

be few identified genes causing colorectal cancer, the genes can be in a non-sequenced area, it 

can be caused by genetic variants difficult to detect on WES or it can be a disease with other 

causes than genetic causes.  

 

The diagnostic yield in monogenic diseases can be as high as 50% (38), and depends on 

several factors like for example the project, the patient selection and type of disease. The 

average diagnostic yield is about 25%, both in the example projects in this thesis (Table 2) 

and in the review article done by Boycott et al in 2013 (6). This diagnostic yield for 

monogenic diseases is better than any of the other diagnostic tools. As more genes gets 

identified, it becomes easier to detect and understand disease-causing mutations. This will 

improve with the diagnostic yield in the future 

Table 2 

7.1.4. WES or Sanger sequencing  

Neveling et al. (2013) used exome sequencing followed by targeted sequencing. They 

compared this retrospectively to results from Sanger Sequencing performed in 2011. The 

result was that all chosen diseases had a higher diagnostic yield using WES than using Sanger 

Sequencing (Table 3). The project concluded that exome-sequencing become cost effective 

when more than 3 genes analysed. This means that according to Neveling at al. (2013) exome 

sequencing is preferable compared to Sanger sequencing both because of the better diagnostic 

yield and the lesser cost when sequencing more than 3 genes (49). 

 

 

Patient group Number of 

patients 

Diagnostic 

yield (%) 

Reference 

Neurological disorders 1147 24,6% (52) 

Inherited peripheral neuropathies 50 24% (53) 

Somatic diseases 

- Approximately 80% children with neurological 

phenotypes 

250 25% (54) 

Blindness 21 52% (49) 

Mitochondrial diseases 44 16% (49) 

Colorectal cancer 35 3% (49) 
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Table 3  

 

7.1.5. Coverage and accuracy 

  

 

Most of the NGS-techniques use amplification methods. Amplification can introduce errors, 

and therefore it is not 100% accurate. The accuracy of NGS is normally around 92 to 95 % 

per sequence, and even higher for targeted NGS. Sanger sequencing has an accuracy of above 

99.99% for most of the sequenced genes (36). 

The average number of times a base pair is sequenced is called coverage. Figure 13 illustrates 

variation in coverage in NGS data. Increased coverage can overcome errors (5). The coverage 

is differently distributed through the genome (figure 12) and will interfere with analyses that 

depend on quantification, like analysation of copy number variation. The varied coverage can 

also lead to qualitative challenges if some portions of the DNA is left undersequenced or 

unsequenced, resulting in some SNVs, INDELs or structural variants left uncovered (5). For 

example AT-rich and GC-rich parts of the genome is underrepresented in the NGS-techniques 

(32). If present in the tissue analysed, good depth can lead to the detection of low-level 

mosaicisms. One challenge with this is to differentiate between sequencing errors and real 

mosaicisms (6).   

It is not possible today to have a sequencing experiment with uniform coverage and 100% 

accuracy. Therefore a recommendation is to have a sequence coverage of about 20x-30x (5). 

Patient group Sanger sequencing  WES Reference 

Blindness 25% 52% (49) 

Mitochondrial disorders 11% 16% 

Colorectal cancer 0% 3% 

Deafness 10% 44% 

Movement disorder 5% 20% 

Figure 12: Illustrating the variable coverage of NGS (Retrieved from 55) 
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Newer techniques are questioning this demand for high coverage. Some of the new longer 

sequencing techniques have shown to have a better accuracy. Some single molecule long-

sequencing has an accuracy of up to 99,99%, which rivals the Sanger sequencing techniques 

(32). 

7.1.6. Response time  

Time is a challenge using NGS, the data generation and interpretation of the data may take 

time. This can lead to problems regarding for example neonatal analyses, aggressive 

infections or aggressive cancer. This problem is partially solved by focused analysis of 

relevant genes, e.g. in breast cancer patients. Most existing technique today can’t generate fast 

enough data if rapid diagnosis are demanded. The time depends on the technique used, WGS 

diagnostics for example can take several weeks (32). 

7.1.7. Ethics  

The increase in the number of genetic tests available emphasizes some ethical questions (32). 

These ethical dilemmas have always been a part of the genetic diagnostics, but the possibility 

to analyse the whole genome or exome and identification of more disease-causing genes using 

NGS increases the possibility of receiving unwanted and unsought information. Autonomy 

is important in health care in general, also in genetics. Regarding this topic an ethical dilemma 

is the genetical testing of children. A lot of the genetical tested patients is children with rare 

and possible genetic diseases. NGS is often the most effective approach to get a diagnosis and 

possibly getting the best treatment. It is not allowed in Norway to test healthy children, and 

the goal must be to improve the child’s life.  The ethical issue here is that the parents decides 

in behalf of the children and the testing happens in an age before the child itself is able to 

have an opinion. Several guides regarding genetical testing of children has therefor been made 

discussing these issues, examples are British Society for Genetic Medicine (56), European 

Society for Human genetics (57) and American Academy of Paediatrics (58) (59).  A lot of 

the same questions also appear in genetical testing of a foetus (59). Vissers et al (2015) stated 

that the improvement in the genetics over the last decade makes it possible to get a molecular 

diagnosis for most of the children with severe intellectual disability referred for genetic 

testing (60). The patients with intellectual disability have a genomic heterogeneity that 

requires a wide testing. That can lead to some few incidental findings that must be assessed 

with caution and not compromise the child’s right to an open future (60).  

7.1.8. The shift of the bottleneck 

Previously with Sanger sequencing the bottleneck the workflow/throughput was caused by 

electrophoresis (5). The genetics today using NGS shows a shift in the bottleneck. One 
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challenge with the NGS is the volume of data it generates. This is also the greatest strength of 

the method, since this volume helps to identify more mutations.  The challenge with this is 

that the data of up to millions of megabases demands data tracking and secure storage, and it 

has to be quality controlled (5). The genetic data is sensitive data, and must be stored on safe 

servers. The large amount of data demands strong computers available for the analyses. At the 

beginning of the use of NGS, this was challenging and time-consuming job - it was an early 

bottleneck in the NGS. Today, this has developed to be an important part of the genetic 

diagnostics work, but it is no longer a bottleneck.  

The diagnostic yield in monogenic diseases is improving, but it also means that usually more 

than 50% of the patients referred for diagnostic WES end up without a molecular diagnosis. 

This means that a known disease-causing mutation is not identified in the remaining 50% of 

the patients.  In several of the remaining patients without a molecular diagnosis, the right 

variant is probably captured, but the mutation is in a novel gene and the geneticists lack the 

knowledge about the genes function and the importance of the variant identified by WES. The 

challenge is even larger when analysing outside of the exons. The clinical understanding of 

the variants detected is the largest bottleneck in the genetics today. 

The rapid identification of rare disease-causing mutations in genes has given the rise to a new 

challenge. The identification of mutations leads to more people knowing their genetic 

diagnosis, which may put more pressure on the development of novel treatment options for 

these diagnoses. The construction of new effective therapies treating these diseases are falling 

behind, and a gap develops between knowing the reason for the disease and being able to 

specifically treat the disease. In addition to this, there is little money in developing new 

therapies for rare diseases because of the few patients. Thus commercial labs whom develops 

new therapies are not focusing on rare diseases which makes the gap even larger (6). 

This shows that the major bottleneck in the genetics today is the identification of the disease-

causing variant(s) and understanding of the clinical significance of the variants. In addition, 

some smaller bottlenecks are the ethical dilemmas that comes with the increased knowledge 

of the genome (60), and the increasing demand for treatment for the discovered mutations (5, 

6) 
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7.2. The future use of NGS 

NGS is no longer a novelty, it has become a part of the routine diagnostic tools in genetics 

(32). This shows that NGS has proven to be a good diagnostic tool and it can be used in 

diagnostics to identify mutations in known disease-causing genes and it identifies new 

disease-causing genes in research projects.  

7.2.1. The use of WGS 

The preference for WES in the diagnostic use of NGS today is under discussion, and WGS is 

becoming more and more used. Several studies have concluded that WGS is better at 

detecting potential disease-causing variants, even within the exome (46, 47). NGS may also 

give information about the regulatory mechanisms and variant in non-coding DNA (32). The 

use of NGS in the diagnostics depend on the understanding of the non-coding DNA and the 

regulatory mechanisms. Qureshi et al (2012) claimed the non-coding RNAs interact in for 

example regulatory activities in brain evolution, plasticity, disease and development (61). As 

the understanding of the function of non-coding DNA is improved, and the sequencing cost is 

dropping, WGS is probably becoming the most used NGS-based tool in the future.  

7.2.2. Detecting genetic variants 

Short-read platforms 

There are several different short-read platforms existing today, but Illumina are the 

dominating short-read sequencing platform (32). This suggests that users are confident with 

the platform, but it is also concerning that biases might occur using only one platform. It is 

increasingly important that researchers have the choice between multiple platforms, and the 

different platforms might have different strengths that can complement each other (32). The 

choice between platforms and contests between different companies developing new 

platforms are something that likely will continue to affect the future use of NGS. 

Using long-read sequencing to identify disease-causing variants 

The NGS techniques still have some challenges detecting structural variants, like for example 

copy number variants, inversions and translocations. Even though it is not a part of the 

standard NGS, structural variants are today analysed by using pair-end sequencing, which is 

based on short read techniques, and therefore limited at detecting structural variants (32). 

The longer reads are better at detecting longer complex genomic variants. The currently most 

used long-read sequencing instrument is called “PacBio RS II instrument”(32). The average 

read length is 10-15 kb, but it can read up to 50 kb. These long sequences are ideal for the 

detection of complex long range genomic structures, but currently there are some limitations. 
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The single pass error rate (the error-rate per sequence) is currently 15% (32). INDELs are the 

dominating provider of errors. The errors are distributed evenly through the genome, so high 

coverage can overcome this high error rate. If a single molecule is sequenced several times, 

the accuracy can become up to 99.99% (32). PacBio RS II have high costs. The demand for 

high coverage and the high cost of the platform makes the platform difficult to use for many 

of the smaller laboratories (32). Synthetic long-read approaches are also becoming available, 

which is a response to the error rate and throughput, in addition to the high cost of the true 

long read sequencing techniques. These techniques requires more coverage than a typical 

short read project, so the cost is higher than the short-read techniques (32). The longer read 

techniques are proving to be better at detecting structural variants, and this ability is a recent 

paradigm shift in the use of Next-generation sequencing techniques (32). Long-read sequence 

techniques are thought to be a big part of the further development of the NGS-techniques, and 

perhaps becoming a part of the standard NGS analyses.  

7.2.3.  A brief glimpse of the future 

NGS have a lot of benefits. The diagnostic yield for monogenetic diseases is far better than 

any of the other existing diagnostic tools, including sanger sequencing (6, 49). More disease-

causing genes are identified over the last decade using NGS than ever before (34), and more 

identified genes in the future will increase the diagnostic yield even further. The techniques 

have revolutionized the genetic diagnostics (32), but the NGS- techniques still has some 

challenges.  The techniques are continuously changing and improving. WGS are predicted to 

become a larger part of the NGS-sequencing as the knowledge of the non-coding part of the 

genome increases and the costs are dropping (46, 47). The long-read sequences are gradually 

becoming a larger part of the NGS diagnostics (32). More and more genes are becoming a 

part of the diagnostic use of NGS. New genes are added to the gene panels. Five years in the 

genetics today is a long time. The NGS-techniques are not able to day to detect all the 

disease-causing variants, so many of the other analysing techniques are still used. The NGS- 

techniques have not made all the other diagnostic tools superfluous, but this might change in 

the future. There are several new technologies under development, for instance time-saving 

clinically applications and electron-microscopy based tools (32). These techniques might 

revolutionise the NGS in the future. The perfect NGS technique will be a technique without 

the need for amplification, without errors, and without the need for high coverage to 

compensate for the errors. The technique will be fast, have low costs and depend on long-read 

sequencing. The technique will be able to identify all the different genetic variation, including 

structural variants and repeat expansions. This technique doesn’t exist today. 
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Even though it probably always will be some challenges with the different techniques 

discovering disease-causing genes, the challenges today might be resolved in five years and 

new challenges might have occurred. The bottleneck has changed and it will probably change 

again together with the development of the sequencing techniques.  
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