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Abstract

Background: Next-generation sequencing is a type of deep sequencing. In
comparison to the previously used Sanger's method, Next generation
sequencing allowing the sequencing of an entire genome in a single day.
Next-generation sequencing (NGS) has revolutionized genomics and
molecular biology. NGS has a wide range of medical applications, including
tumors and inherited disease diagnosis. It is also used to find genetic variants
across the genome. There are several NGS platforms available. Illumina and
lontorrent are the most prevalent sequencing platforms. These NGS platforms

reduced the cost and time required to sequence a full genome.

The main body of the abstract: The review paper covered a brief history of
next-generation sequencing technology (NGS), followed by the benefits of
employing this revolutionary technology and The general approach of NGS,
beginning with fragmentation and ending with data analysis, was explained,
with a focus on the Illumina and lon torrent platforms. Finally, the data
analysis step was thoroughly covered, beginning with data quality control

and ending with data visualization.
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Conclusion: According to the review article, Next generation sequencing
(NGS) is a promising technology that has revolutionized genome sequencing.
The NGS platform has resulted in softwares that can perform the vast
majority of NGS steps such as sequencing, variant annotation, and quality
checks. The lontorrent and Illumina platforms have grown in popularity and

are frequently used. NGS has gained traction in clinical applications.
Keywords:

Next generation sequencing (NGS), Hllumina, lontorrent, sequencing
FASTQC, variant calling.

1. Background:

1.1. Next-generation sequencing

Next-generation sequencing (NGS) is a deep sequencing method that enables
quick, accurate, and low-cost determination of the nucleic acid sequence of
the entire genome (1). Unlike the earlier sequencing method developed by
Frederick Sanger, NGS has revolutionized the field of genome sequencing by
sequencing millions of fragments per run, as opposed to the sanger method,
which only sequences a single DNA fragment(2). Due to the rapid
development of NGS, researchers have been able to identify genetic
abnormalities associated with diseases, such as variations in genes associated
with tumors and those associated with inherited diseases. There are numerous
NGS platforms, but we will concentrate on Illumina and lon torrent in this
paper because most clinical sequencing is performed by both of these two

platforms.

In 2000, NGS first technology was developed by Massively Parallel
Signature Sequencing (MPSS) Lynx Therapeutics (USA) Company. The

company was later purchased by Illumina (3).



In 2004, 454 Life Sciences company produced a paralleled version of
pyrosequencing which was considered the second of a new generation of

sequencing technologies (3).

In 2005-2006, 454 GS 20 Roche sequencing platform was developed which
could produce 20 million bases and revolutionized DNA sequencing (20
Mbp) (3).

In 2007, the GS FLX model replaced the 454 GS 20 Roche sequencing
platform and was capable of producing 100 million base pairs in 4 hours,

which was increased to 400 million base pairs in 2008(3).

In 2008, the first published paper was about the production of human genome

sequences using NGS (Watson personal genome sequence) (4).

In 2014, Illumina produced The HiSeq X Ten which is considered the world's
first platform capable of providing full coverage of human genomes for less
than $1,000(5).

In 2019, the National Human Genome Research Institute reported that the

cost of sequencing an entire human genome is 942 USD (6).
2. Main text

2.1. Next-generation sequencing (NGS) has the following

advantages

*Using parallel sequencing« NGS can analyze tens to hundreds of thousands

of reads per sample.

*Because NGS has high sensitivity and a low detection limit, it can detect

low-frequency variants.



*For large data volumes, NGS can provide rapid large-scale sequencing

results.

* Next-generation sequencing (NGS) analyses hundreds of genes in a single

assay to provide comprehensive genomic profiling.

2.2. The general workflow of NGS:

Purified
extracted Fragmentation |—>| Adaptor ligation
DNA

Amplification |— Sequencing —>| Data analysis

Figure 1: General workflow of NGS.
2.2.1. Fragmentation step

DNA as a complete double strand is too complex and more prone to
breakage. To overcome this obstacle, DNA is cut into small fragments, which
are more stable and less likely to break. DNA fragmentation can be

accomplished in one of two ways: (7):

1. Mechanical techniques such as ultrasonication, shearing, and
nebulization

2. Enzyme digestion

2.2.2. Adaptor ligation

Adaptors are oligonucleotides that are added to the blunt end of a DNA

fragment. The importance of these adaptors is that they hold the barcoding



sequence as well as the primers, and they are regarded as essential binding
sites for immobilization of these DNA fragments to the flowcell, allowing

bridge amplification, as in the particular example of the Illumina platform(7).

The barcoding sequence held by the adaptor is known as the unique
molecular identifiers (UMIs), which are small DNA sequences. The
significance of UMIs is that it is critical to distinguish between real biological
DNA duplicates and duplicates caused by PCR clones after the amplification
step using PCR. If we have reads that start and end at the same position and
have the same UMIs, it means that these reads are not biological duplicates
and must be removed and as a result reduce the false negative variants(8).
Following these modifications, the DNA fragments are ready to be loaded
into the sequencer's flow cell. These flowcells contain oligonucleotides that
are complementary to the adaptor attached to the DNA fragment, allowing

the DNA fragment to be immobilized within the flowcell.

The flow cell in Illumina is a glass slide with 8 channels known as lanes,
each lane with 3 columns, and each column with 100 tiles. Each lane is
coated with oligonucleotides which are complementary to the ligation
adaptor. As a result, when sequencing libraries are loaded into the lanes, they
become immobilized on the lane surface (9). Beads are found in ion torrent
flowcells. These beads are coated with oligonucleotides that are
complementary to the barcoding sequences, allowing the sequence libraries
to be attached to the beads in lon cells.

2.2.3. Amplification step

Amplification, also known as Cluster generation, is a process that duplicates
millions of copies of single-stranded DNA by amplifying clusters of DNA
fragments (10). The significance of this step is that it will produce several

reads of the same sequence with varying qualities, so we can improve the



quality of our reads by excluding low-quality reads and keeping high-quality

reads of the same DNA sequence.

Amplification in Illumina is based on bridge PCR, in which a reverse strand
complementary to the original strand is created by PCR and primed by the
oligonucleotide coated on the flowcell. After that, the original strand is
denatured and washed away. After the reverse strand bridges over to interact
with a complementary oligonucleotide coated on the flowcell, the adapter
attaches to the complementary oligonucleotide and a new forward strand
begins to form up complementary to the reverse strand. When the
temperature drops, both the forward and reverse strands become unbridged.
Then when the temperature rises, both DNA strands form bridges to adjacent
oligonucleotides, and the cycle continues repeatedly, producing millions of
DNA pieces (11).

Emulsion PCR is used for amplification in lontorrent. The flow cell serves as
a micro-reactor for PCR because it contains beads, DNA fragments, PCR
mix, and emulsion oils. PCR cycling takes place, resulting in the

amplification of DNA fragments on each bead (12).
2.2.4. Sequencing

Is the process used to identify the exact nucleotide base sequence (As, Ts, Cs,
and Gs) in a fragment of DNA. There are different types of sequencing
methods mostly important is sequencing by synthesis which accounts for

more than 90% of the total sequencing data worldwide(13).

The Illumina platform is based on sequencing by synthesis (SBS), whereas
the lonTorrent platform is based on ion semiconductor sequencing, which is
also based on SBS but differs from other sequencing technologies in the fact

that it doesn't require chemically modified nucleotides and does not require



fluorescent labeling. Therefore as a side benefit, no fluorescence detection or

Image scanning is required (14).
2.2.4.1. Sequencing principle in Illumina

In the Illumina platform, Reversible terminators, which are chemically
modified nucleotides by the addition of a fluorophore, are used (15).
Polymerase enzymes expand sequencing primers by adding reversible
terminators. Reversible terminators cause incorporation to stop immediately
after the first nucleotide. The polymerases and unbound nucleotides are
rinsed away, and the label of the bases integrated for each sequence is read
using 4 images taken through different filters, and fluorophores are
illuminated with two separate lasers (red: A, C and green: G, T). The
fluorophores and terminators are then removed, and the sequencing is

resumed with the inclusion of the next base. (16).
Steps of Illumina sequence data generation process:

1. Raw recorded images are analyzed to determine clusters, signal
intensity, and noise level for each cluster.

2. Real-time analysis software (RTA) is used for base calling normally,
there is no human intervention in the base calling process; everything
Is left to the software, and researchers focus primarily on the analysis
of base calling data.

3. Base calling results are organized in base call files. Afterward, these
files are transformed into FASTQ files.

2.2.4.2. Sequencing Principle in lon torrent

In lon torrent semi-conductor sequencing, when a nucleotide is integrated
into a new DNA strand in the sequencing by synthesis process, a

pyrophosphate group and a proton (H+) are released as by-products. The



release of a proton (H+) causes a change in pH. This pH change can be
observed and utilized to determine the nucleotide incorporated. It is stated
that PH changes are not nucleotide specific. so, to determine the sequence of
the DNA nucleotides (dATP, dGTP, dCTP, and dTTP) are introduced into
the reaction one at a time during the run. A detected pH change after the
introduction of a specific nucleotide indicates that the template strand

contains its complementary base at the last position (17).

Steps of lon torrent sequence data generation process

Unlike Illumina, no images are collected, so there is no need to analyze these
Images and generate data from them because simply only the change in PH is

recorded.

1. Torrent Suite Software is utilized for base calling (18).

2. Base calling results are saved in base call files. These files are then
converted into FASTQ files.

There are various NGS file formats, including as FASTAQ, FASTA,
CFASTA, SFF, and QUAL. FASTAQ is considered the standard and most
widely used format. All other file formats can be converted to FASTQ
format. This process is known as this process is called BCF to FASTQ

conversion.

FASTQ FILE is a text-based file format that contains each read's sequence as
well as the confidence score for each base (19). Compressed FASTQ files are

multi-gigabyte in size and contain 200 million or more reads.
FASTQ file consists of 4 lines (19):

1. A sequence identifier containing information about the sequencing run

and the cluster.



2. The sequence of bases

3. A separator, which is a plus (+) sign.

4. The base call quality scores (Q-scores). Q-scores are Phred +33

encoded, using ASCII characters to represent the numerical quality

scores. The goal of utilizing ASCII characters rather than numbers to

convey the Q- score is to reduce the file size by recording a single

character rather than recording a number consisting of 2 digits.

2.2.5. Data analysis

Data are analyzed to assess reads quality, align reads against a reference

genome, identify variants, and determine the impact of the variant on protein

structure and function. Figure (2) depicts 5 main steps of data analysis.

Data quality
control and
reprocessing.

Reads mapping
to a reference
genome.

Identification
of variants.

v

Annotation of
variants.

Figure 2: General approach for NGS data analysis.

Visualization of
data



https://support.illumina.com/content/illumina-marketing/en/science/technology/next-generation-sequencing/plan-experiments/quality-scores.html
http://drive5.com/usearch/manual/quality_score.html

2.2.5.1. Quality control and reprocessing

The purpose of this phase is checking quality of data to filter and delete low-
quality results, so reducing the waste of computational resources and time in

subsequent steps.

There are various NGS data quality control softwares available, including
NGS QCToolkit, FASTXToolkit, and FASTQC. For quality checks, Illumina
uses FASTQC (20), whereas lonTorrent employs the lon Sphere Quality
Control Kit (21). If the Q-scores following quality checks are unsatisfying,
reprocessing software can be used to filter and trim unfavorable fragments.
These softwares include Sickle, Trimmomatic, ngsShoRT, Skewer, Cutadapt,
and NGS QC Toolkit.

2.2.5.2. Reads mapping to a reference genome

The process of allocating reads to a specific place versus a reference genome
is known as mapping. This stage could be performed using aligners based on
different algorithms (22).

Aligners have varying speed and sensitivity. Bowtie and SOAP2 aligners are
faster, novoalgin and stampy are more sensitive, and BWA has a good

balance of sensitivity and speed.
The mapping result can be saved in one of two file formats:

1. SAM is a text format with aligned reads that is human readable but
takes longer time to parse (23).

2. BAM: is a binary format that is a compressed version of SAM. it is
substantially smaller than sam. it saves storage space and is faster to

parse, but it is not human readable (23)



2.2.5.3. lIdentification of variants (Variant calling).

Reads are mapped against a reference genome, and any deviation from the
reference genome's sequence is identified as a variant. Single nucleotide
polymorphism (SNP) accounts for 90% of the DNA variants of the human
genome (24). SNPs can also be detected by identifying single nucleotide
mismatches between aligned data and the reference genome (25). Softwares
like Samtools, SOAPsnp, GATK, SHORE, SNVer, and MaCH can carry out
this process (26). The results of the final calling are saved into variant calling
format (VCF) (27).

2.2.5.4. Annotation of variants.

A functional analysis aims to link the alteration in variant sequence with
changes in phenotype as well as to investigate the impact of variations on

protein structure and function (28).

The evaluated variant can be compared to a known variant. Variants that
have previously been sequenced are included in datasets such as dbSNP,
which contains diverse genetic molecular variations and can be used as a

reference for comparison with the tested variant (28).

In Functional annotation, each variant is classified according to its
relationship to coding sequences in the genome and how it may change the

coding sequence and affect the gene product (28).
2.2.5.5. Visualization of data.

Visualization is essential for observing trends and outliers in large datasets

and linking findings to others.



This process has 2 options:

1. Integrative Genomics Viewer (IGV): an offline application that can be

downloaded on personal computers. There is no need to upload data (29).

2. UCSC Genome Browser: it is an online tool, no software must be

downloaded. Data must be uploaded to the cloud (29).
3. Conclusion

Next-generation sequencing (NGS) is a very promising technology that has
revolutionized genome sequencing by cutting the cost and time necessary to
sequence a whole genome. It also made it much easier to detect mutations
throughout the genome, making it possible to identify the genes responsible
for tumors and genetic disorders. It also allow detecting the effect of
variations on the structure and functions of the protein. NGS platform has
resulted in software capable of performing the majority of NGS steps. The
Illumina and lon torrent platforms have gained significant popularity and are
widely used. Throughout the NGS process, the highest quality reads are
achieved by filtering and trimming low-quality data. NGS has gained a
growing reputation in clinical applications. Recently, some governments have

launched projects to sequence large populations.
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Figure legend

Figure 1: shows the general workflow of NGS described in 5 steps:
Fragmentation, Adaptor ligation, Amplification, Sequencing, Data analysis

Figure 2: shows the general approach for NGS data analysis described in 5
steps: Data quality control and reprocessing, Reads mapping to a reference
genome, Identification of variants, Annotation of variants, Visualization of
data.



