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Chapter 1
Next Generation Sequencing Technologies

Dr. A. I. Bhat

Introduction

NGS technologies have demonstrated the capacity to sequence DNA at unprecedented speed,
thereby enabling previously unimaginable scientific achievements and novel biological
applications. But, the massive data produced by NGS also presents a significant challenge for
data storage, analyses, and management solutions. Advanced bioinformatics tools are essential
for the successful application of NGS technology. As evidenced throughout this review, NGS
technologies will have a striking impact on genomic research and the entire biological field.
With its ability to tackle the unsolved challenges unconquered by previous genomic
technologies, NGS is likely to unravel the complexity of the human genome in terms of genetic
variations, some of which may be confined to susceptible loci for some common human
conditions. This chapter reviews basic concepts, general applications, and the potential impact of
next- generation sequencing (NGS) technologies on genomics, with particular reference to
currently available and possible future platforms and bioinformatics.

Since the time DNA was discovered as the code to all biological life on earth, man has sought to
unravel its mysteries. If the genetic code could be sequenced or “read”, the origins of life itself
may be revealed. Although this thought might not be entirely true, the efforts to date made have
certainly revolutionized the biological field. The “original” sequencing methodology, known as
Sanger chemistry, uses specifically labeled nucleotides to read through a DNA template during
DNA synthesis. This sequencing technology requires a specific primer to start the read at a
specific location along the DNA template, and record the different labels for each nucleotide
within the sequence. After a series of technical innovations, the Sanger method has reached the
capacity to read through 1000-1200 basepair (bp); however, it still cannot surpass 2 kilo basepair
(Kbp) beyond the specific sequencing primer.

In order to sequence longer sections of DNA, a new approach called shotgun sequencing was
developed during Human Genome Project (HGP). In this approach, genomic DNA is
enzymatically or mechanically broken down into smaller fragments and cloned into sequencing
vectors in which cloned DNA fragments can be sequenced individually. The complete sequence
of a long DNA fragment can be eventually generated by these methods by alignment and
reassembly of sequence fragments based on partial sequence overlaps. Shotgun sequencing was a
significant advantage from HGP, and made sequencing the entire human genome possible. The
core philosophy of massive parallel sequencing used in next- generation sequencing (NGS) is
adapted from shotgun sequencing.
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New NGS technologies read the DNA templates randomly along the entire genome. This is
accomplished by breaking the entire genome into small pieces, then ligating those small pieces
of DNA to designated adapters for random read during DNA synthesis (sequencing- by-
synthesis). Therefore, NGS technology is often called massively parallel sequencing.

The read length (the actual number of continuous sequenced bases) for NGS is much shorter than
that attained by Sanger sequencing. At present, NGS only provides 50-500 continuous basepair
reads, which is why sequencing results are defined as short reads. These short reads are a major
limitation in current technology; however, developing NGS technologies, such as single-
molecule sequencing, may surpass Sanger methodologies and have the potential to read several
continuous kilo basepairs (Kbps) (Table 1). Since next-generation technologies currently
produce short reads, coverage is a very important issue. Coverage is defined as the number of
short reads that overlap each other within a specific genomic region. For example, a 30-fold
coverage for CYP2D6 gene means that every nucleotide within this gene region is represented in
at least 30 distinct and overlapping short reads. Sufficient coverage is critical for accurate
assembly of the genomic sequence. In addition to the need for adequate coverage, short reads
create many sequences that cannot be interpreted or “mapped” to any reference DNA or be
accurately assembled. This is simply because some of the short reads are too short and may
match with many different regions of the genome and are not unique to any specific region of the
sequence. Short-read sequences that can be assembled and matched with a reference sequence
are generally called “mappable reads”. NGS is a rapidly evolving technology that is changing on
an almost daily basis. The purpose of this review is to highlight these advances and bring the
reader up to date on the latest technological achievements in DNA sequencing technologies,
particularly as related to genomics. Following completion of the HGP, a new approach, genome-
wide association study (GWAS), was widely applied to genomics. Although several early
GWAS studies reported potentially promising results, the majority of GWAS studies were
disappointing because of inadequate sample size, limitation of arrays for certain genetic
variations, and/or heterogeneity in phenotype. These obstacles may be overcome by new
genomic technology, i.e., next-generation sequencing (NGS), also known as massively parallel
sequencing or multiplex cyclic sequencing. Since many genetic variants which contribute to
many human conditions are still unknown, unbiased whole-genome sequencing will help to
identify these genetic variants, including single nucleotide variants (SNVs) or single nucleotide
polymorphisms (SNPs), small insertions and deletions (indels, 1-1000 bp), and structural and
genomic variants (>1000 bp).

Previously, DNA sequencing was performed almost exclusively by the Sanger method, which
has excellent accuracy and reasonable read length but very low throughput. Sanger sequencing
was used to obtain the first consensus sequence of the human genome in 2001 and the first
individual human diploid sequence. Shortly thereafter, the second complete individual genome
was sequenced using next-generation technology, which marked the first human genome
sequenced with new NGS technology. Since then, several additional diploid human genomes
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have been sequenced with NGS utilizing a variety of related techniques to rapidly sequence
genomes with varying degrees of coverage. A common strategy for NGS is to use DNA
synthesis or ligation process to read through many different DNA templates in parallel.
Therefore, NGS reads DNA templates in a highly parallel manner to generate massive amounts
of sequencing data but, as mentioned above, the read length for each DNA template is relatively
short (35-500 bp) compared to traditional Sanger sequencing (1000-1200 bp).

Several NGS methods recently developed allow larger-scale DNA sequencing. The number of
large short-read sequences from NGS is increasing at exponential rates. Currently, five NGS
platforms are commercially available, including the Roche GS-FLX 454 Genome Sequencer
(originally 454 sequencing), the Illumina Genome Analyzer (originally Solexa technology), the
ABI SOLID analyzer, Polonator G.007 and the Helicos HeliScope platforms. These NGS
instruments generate different base read lengths, different error rates, and different error profiles
relative to Sanger sequencing data and to each other. NGS technologies have increased the speed
and throughput capacities of DNA sequencing and, as a result, dramatically reduced overall
sequencing costs.

History of DNA Sequencing

First- and second-generation sequencing technologies have led the way in revolutionizing the
field of genomics and beyond, motivating an astonishing number of scientific advances,
including enabling a more complete understanding of whole genome sequences and the
information encoded therein, a more complete characterization of the methylome and
transcriptome and a better understanding of interactions between proteins and DNA.
Nevertheless, there are sequencing applications and aspects of genome biology that are presently
beyond the reach of current sequencing technologies, leaving fertile ground for additional
innovation in this space. We also describes a new generation of single-molecule sequencing
technologies (third generation sequencing) that is emerging to fill this space, with the potential
for dramatically longer read lengths, shorter time to result and lower overall cost.

First-generation sequencing

First-generation sequencing was originally developed by Sanger in 1975 (the chain-termination
method) and in parallel by Maxam and Gilbert in 1977 (a chemical sequencing method). From
these first-generation methods, Sanger sequencing ultimately prevailed given it was less
technically complex and more amenable to being scaled up. For Sanger sequencing practiced
today, during sample preparation, different-sized fragments of DNA are generated each starting
from the same location. Each fragment ends with a particular base that is labeled with one of four
fluorescent dyes corresponding to that particular base. Then all of the fragments are distributed
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in the order of their length via capillary electrophoresis. Information regarding the last base is
used to determine the original sequence. This method results in a read length that is _800 bases
on average, but may be extended to above 1000 bases. While fully automated implementations of
this approach were the mainstay for the original sequencing of the human genome, their chief
limitation was the small amounts of DNA that could be processed per unit time, referred to as
throughput, as well as high cost, resulting in it taking roughly 10 years and three billion dollars
to sequence the first human genome .

Second-generation sequencing

Commercial SGS tools emerged in 2005 in response to the low throughput and high cost of first-
generation methods. To address this problem, SGS tools achieve much higher throughput by
sequencing a large number of DNA molecules in parallel. With most SGS technologies, tens of
thousands of identical strands are anchored to a given location to be read in a process consisting
of successive washing and scanning operations. The ‘wash-and-scan’ sequencing process
involves sequentially flooding in reagents, such as labeled nucleotides, incorporating nucleotides
into the DNA strands, stopping the incorporation reaction, washing out the excess reagent,
scanning to identify the incorporated bases and finally treating the newly incorporated bases to
prepare the DNA templates for the next ‘wash-and-scan’ cycle. This cycle is repeated until the
reaction is no longer viable. The array of DNA anchor locations can have a very high density of
DNA fragments, leading to extremely high overall throughput and a resultant low cost per
identified base when such instruments are run at high capacity. For example, Illumina’s HiSeq
2000 instrument can generate upwards of 300 or more gigabases of sequence data in a single run.
The time-to-result for these SGS methods is generally long (typically taking many days), due to
the large number of scanning and washing cycles required. Furthermore, because step yields for
the addition of each base are, 100%, a population of molecules becomes more asynchronous as
each base is added. This loss of synchronicity (called dephasing) causes an increase in noise and
sequencing errors as the read extends, effectively limiting the read length produced by the most
widely used SGS systems to significantly less than the average read lengths achieved by Sanger
sequencing. Further, in order to generate this large number of DNA molecules, PCR
amplification is required. The amplification process can introduce errors in the template
sequence as well as amplification bias. The effects of these pathologies are that neither the
sequences nor the frequencies with which they appear are always faithfully preserved. In
addition, the process of amplification increases the complexity and time associated with sample
preparation. Finally, the massively high throughput achieved by SGS technologies per run
generates mountains of highly informative data that challenge data storage and informatics
operations, especially in light of the shorter reads (compared with Sanger sequencing) that make
alignment and assembly processes challenging. First-generation sequencing and SGS
technologies have led the way in revolutionizing the field of genomics and beyond, motivating
an astonishing number of scientific advances. Nevertheless there are sequencing applications and
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aspects of genome biology that are presently beyond the reach of current sequencing
technologies, leaving fertile ground for additional innovation in this space.

Next-generation sequencing platforms

Among the five commercially available platforms, the Roche/454 FLX, the Illumina/Solexa
Genome Analyzer, and the Applied Biosystems (ABI) SOLID Analyzer are currently dominating
the market. The other two platforms, the Polonator G.007 and the Helicos HeliScope, have just
recently been introduced and are not widely used. Additional platforms from other manufacturers
are likely to become available within the next few years and bring NIH-PA Author Manuscript
NIH-PA Author Manuscript NIH-PA Author Manuscript new and exciting technologies, faster
sequencing speed, and a more affordable price. Methodologies used by each of the current
available NGS systems are discussed below.

(1)  Roche GS-FLX 454 Genome Sequencer

The Roche GS-FLX 454 Genome Sequencer was the first commercial platform introduced in
2004 as the 454 Sequencer. The second complete genome of an individual was sequenced with
this platform). The 454 Genome Sequencer uses sequencing-by-synthesis technology known as
pyrosequencing. The key procedure in this approach is emulsion PCR in which single-stranded
DNA binding beads are encapsulated by vigorous vortexing into aqueous micelles containing
PCR reactants surrounded by oil for emulsion PCR amplification. During the pyrosequencing
process, light emitted from phosphate molecules during nucleotide incorporation is recorded as
the polymerase synthesizes the DNA strand. Initially, the 454 Sequencer had a read length of 100
bp but now can produce an average read length of 400 bp. The maximum ~600 bp capacity of
454 systems approaches the halfway of current Sanger sequencing capacities (~1200 bp). At 600
bp, the 454 Sequencer has the longest short reads among all the NGS platforms; and generates
~400-600 Mb of sequence reads per run; critical for some applications such as RNA isoform
identification in RNA-seq and de novo assembly of microbes in metagenomics. Raw base
accuracy reported by Roche is very good (over 99%); however, the reported relatively error-
prone raw data sequence, especially associated with insertion-deletions, is a major concern. Low
yield of sequence reads could translate into a much higher cost if additional coverage is needed
to define a genetic mutation.

(i) Hlumina/Solexa Genome Analyzer

The Hlumina/Solexa Genome Analyzer was the second platform to reach market, and currently is
the most widely used system. The Illumina platform uses sequencing-by- synthesis approach in
which all four nucleotides are added simultaneously into oligo-primed cluster fragments in flow-
cell channels along with DNA polymerase. Bridge amplification extends cluster strands with all
four fluorescently labeled nucleotides for sequencing. The Genome Analyzer is widely
recognized as the most adaptable and easiest to use sequencing platform. Superior data quality
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and proper read lengths have made it the system of choice for many genome sequencing projects.
To date, the majority of published NGS papers have described methods using the short sequence
data produced with the Genome Analyzer. At present, the new Illumina HiSeq 2000 Genome
Analyzer is capable of producing single reads of 2 x 100 basepairs (pair-end reads), and
generates about 200 giga basepair (Gbp) of short sequences per run. The raw base accuracy is
greater than 99.5%.

(iii)  ABI SOLID platform

The ABI SOLID platform uses a unique sequencing-byligation approach in which it uses an
emulsion PCR approach with small magnetic beads to amplify the DNA fragments for parallel
sequencing. During SOLID sequencing, DNA ligation is carried out to link specific fluorescent
labeled 8-mer oligonucleotides for “dinucleotide-encoding”, whose 4™ and 5th bases are encoded
by specific fluorescence. Each fluorescent marker on a 8-mer identifies a two-base combination,
which can be further distinguished with a universal primer offsetting scheme. The primer
offsetting scheme allows a universal primer that is offset by one base from the adapter-fragment
position to hybridize to DNA templates in five cycle sets permitting the entire fragment to be
sequenced and each base position sequenced twice during each cycle. Each ligation step is
followed by fluorescence detection and another round of ligation. SOLiD4 analyzer has a read
length of up to 50 bp and can produce 80-100 Gbp of mappable sequences per run. The latest
model, 5500x%1 solid system (previously known as SOLiD4hq) can generate over 2.4 billion reads
per run with a raw base accuracy of 99.94% due to its 2-base encoding mechanism. This
instrument is unique in that it can process two slides at a time; one slide is receiving reagents
while the other is being imaged. The SOLiD4 platform probably provides the best data quality as
a result of its sequencing-by-ligation approach but the DNA library preparation procedures prior
to sequencing can be tedious and time consuming. The newly marketed EZ-Bead system may
provide some resolution to this problem.

(iv) Danaher/Dover/Azco Polonator G.007

The Danaher/Dover/Azco Polonator G.007 is a new platform on the market with emphasis on
competitive pricing. The Polonator platform employs a sequencing-by-ligation approach using a
randomly arrayed, bead-based, emulsion PCR to amplify DNA fragments for parallel
sequencing. The short-read length is 26 bp, and 8-10 Gbp of sequence reads are generated per
run, with 92% of the reads mappable. The random bead-based array will likely be replaced with
their patented rolonies technology (rolling circle colonies) on an ordered array to increase
accuracy and improve read length.

(v)  Helicos HeliScope

The Helicos HeliScope platform is the first single molecular sequencing technology available
that uses a highly sensitive fluorescence detection system to directly detect each nucleotide as it
is synthesized. The distinct characteristic of this technology is its ability to sequence single DNA
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molecules without amplification, defined as Single-Molecule Real Time (SMRT) DNA
sequencing. The short-read length ranges from 30 bp to 35 bp at present time, with a raw base
accuracy greater than 99%, and 20-28 Gbp of potential sequence reads per run in the near future.

The advantage of single-molecule DNA sequencing technology is its potential to read extremely
long sequences and fast sequencing speed, which could translate into a dramatic reduction in
overall sequencing cost. As such, advanced single DNA molecule sequencing technology has
been defined as the next-NGS technology. However, the basic philosophy of massive parallel
sequencing is still the same and the term next- generation sequencing (NGS) will only be used in
this review. More detailed technical description of these platforms is available elsewhere.

Transitioning from SGS to TGS

The genomics community has been enormously enabled by first- and second-generation
sequencing (SGS) technologies in comprehensively characterizing DNA sequence variation, de
novo sequencing of a number of species, sequencing of microbiomes, detecting methylated
regions of the genome, quantitating transcript abundances, characterizing different isoforms of
genes present in a given sample and identifying the degree to which mRNA transcripts are being
actively translated. One of the hallmark features of the SGS technologies is their massive
throughput at a modest cost, with hundreds of gigabases of sequencing now possible in a single
run for several thousand dollars. Despite the recent and rapid acceptance of SGS technologies, a
new generation of single-molecule sequencing (SMS) technologies is emerging. Unlike major
SGS sequencing by synthesis (SBS) technologies that rely on PCR to grow clusters of a given
DNA template, attaching the clusters of DNA templates to a solid surface that is then imaged as
the clusters are sequenced by synthesis in a phased approach, the new generation of SBS
technologies interrogate single molecules of DNA, such that no synchronization is required (a
limitation of SGS), thereby overcoming issues related to the biases introduced by PCR
amplification and dephasing. More importantly, this new generation of sequencing technologies
has the potential to exploit more fully the high catalytic rates and high processivity of DNA
polymerase or avoid any biology or chemistry altogether to radically increase read length (from
tens of bases to tens of thousands of bases per read) and time to result (from days to hours or
minutes). The promises then of this new, third generation of sequencing technologies in offering
advantages over current sequencing technologies are (i) higher throughput; (ii) faster turnaround
time (e.g. sequencing metazoan genomes at high fold coverage in minutes); (iii) longer read
lengths to enhance de novo assembly and enable direct detection of haplotypes and even whole
chromosome phasing; (iv) higher consensus accuracy to enable rare variant detection; (v) small
amounts of starting material (theoretically only a single molecule may be required for
sequencing); and (vi) low cost, where sequencing the human genome at high fold coverage for
less than $100 is now a reasonable goal for the community.
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There may not yet be consensus on what constitutes a third generation, or next—next-generation
sequencing instrument, given advances are being made on rapid time scales that do not easily fit
into generational time scales. However, SMS without the need to halt between read steps
(whether enzymatic or otherwise), where reads from SMS instruments represent sequencing of a
single molecule of DNA. SMS technologies that do not purposefully pause sequencing reaction
after each base incorporation represent the most thoroughly explored TGS approaches in hopes
of increasing sequencing rates, throughput and read lengths, lowering the complexity of sample
preparation and ultimately decreasing cost. However, as a result of using these criteria to define
TGS, a number of exciting technologies do not fit neatly into this definition, but are nevertheless
exciting in terms of how they complement current SGS technologies.

Table 1. Comparison of First generation, second generation and third generation sequencing techniques.

First generation Second generation® Third generation®

Fundamental technology

Resolution

Current raw read accuracy
Current read length

Current throughput
Current cost

RNA-sequencing method
Time from start of sequencing
reaction to result

Sample preparation

Data analysis

Primary results

Size-separation of specifically end-
labeled DNA fragments, produced by
SBS or degradation

Averaged across many copies of the
DNA molecule being sequenced

High

Moderate (800—1000 bp)

Low

High cost per base

Low cost per run

cDNA sequencing

Hours

Modemately complex, PCR amplification

not required
Routine

Base calls with quality values

Wash-and-scan SBS

Averaged across many copies of the
DNA molecule being sequenced

High

Short, generally much shorter than

Sanger sequencing
High
Low cost per base
High cost per run

cDNA sequencing
Days
Complex, PCR amplification

required
Complex because of large data

volumes and because short reads

complicate assembly and
alignment algorithms
Base calls with quality values

SBS, by degradation, or direct physical
inspection of the DNA molecule

Single-molecule resolution

Moderate

Long, 1000 bp and longer in
commiercial systems

Moderate

Low-to-moderate cost per base

Low cost per run

Direct RNA sequencing and ¢cDNA
sequencing
Hours

Ranges from complex to very simple
depending on technology

Complex because of large data volumes
and because technologies yield new
types of information and new signal
processing challenges

Base calls with quality values,
potentially other base information
such as kinetics

Next- Next-generation sequencing platforms (Third Generation Sequencing)

SMS technologies can roughly be binned into three different categories: (i) SBS technologies in
which single molecules of DNA polymerase are observed as they synthesize a single molecule of
DNA; (ii) nanopore-sequencing technologies in which single molecules of DNA are threaded
through a nanopore or positioned in the vicinity of a nanopore, and individual bases are detected
as they pass through the nanopore; (iii) direct imaging of individual DNA molecules using
advanced microscopy techniques etc. Each of these technologies provides novel approaches to
sequencing DNA and has advantages and disadvantages with respect to specific applications.
These technologies are at varying stages of development, making the writing of a review on TGS
difficult given there is still much to prove regarding the utility of many of the TGS technologies.
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However, if the full potential of these technologies is realized, in several years time, whole
genome sequencing will likely be fast enough and inexpensive enough to resequence genomes as
needed for any application. Here we discuss many of the emerging TGS technologies that have
the potential to make such stunning advances possible.

Since single DNA molecule sequencing technology can read through DNA templates in real time
without amplification, it provides accurate sequencing data with potentially long-reads and
efforts have focused recently in this new direction. Several unique single- molecule DNA
sequencing technologies are currently under development; however, little information has been
made publically available.

(i) SMS sequencing by synthesis

Single-molecule real-time sequencing: The single-molecule real-time (SMRT) sequencing
approach developed by Pacific Biosciences is the first TGS approach to directly observe a single
molecule of DNA polymerase as it synthesizes a strand of DNA, directly leveraging the speed
and processivity of this enzyme to address many of the shortcomings of SGS. Given that a single
DNA polymerase molecule is of the order of 10 nm in diameter, two important obstacles needed
to be overcome to enable direct observation of DNA synthesis as it occurs in real time are: (i)
confining the enzyme to an observation volume that was small enough to achieve the signal-to-
noise ratio needed to accurately call bases as they were incorporated into the template of interest;
and (ii) labeling the nucleotides to be incorporated in the synthesis process such that the dye-
nucleotide linker is cleaved after completion of the incorporation process so that a natural strand
of DNA remains for continued synthesis and so that multiple dyes are not held in the
confinement volume at a time (something that would destroy the signal-to-noise ratio). The
problem of observing a DNA polymerase working in real time, detecting the incorporation of a
single nucleotide taken from a large pool of potential nucleotides during DNA synthesis, was
solved using zero-mode waveguide (ZMW) technology.

(i) Nano-technologies for single-molecule sequencing

Thousands of nano-tunnels on a chip can be used to monitor the movement of a polymerase
molecule on a single DNA strand during replication to perform single-molecule
DNAsequencing-by-synthesis. Nano-technologies have long been considered a cutting-edge
technology for single-molecule DNA sequencing and several nanopore sequencing concepts and
technologies are currently under development. One concept is based on the observation that
when a DNA strand is pulled through a nanopore by an electrical current, each nucleotide base
(A, T, C, G) creates a unique pattern in the electrical current. This unique nanopore electrical
current fingerprint can be used for nanopore sequencing.
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(iii)  Fluorescence-based single-molecule sequencing

Pacific BioSciences is developing a single-molecule real time (SMRT) DNA sequencing
technology. This approach performs single-molecule sequencing by identifying nucleotides
which are phospholinked with distinctive colors. During the synthesis process, fluorescence
emitted as the phosphate chain is cleaved and the nucleotide is incorporated by a polymerase into
a single DNA strand.

(iv)  Electronic detection for single-molecule sequencing

Reveo is developing a technology to stretch out DNA molecules on conductive surfaces for
electronic base detection. A stretched and immobilized strand of DNA will be read through by
multiple nano-knife edge probes. Each nano-knife edge probe specifically recognizes only one
nucleotide for single-molecule sequencing. Intelligent Biosystems is also developing a platform
using the electronic detection approach which will allow for high speed and high sensitivity
single-molecule analysis with decreased background noise.

(V) Electron microscopy for single-molecule sequencing

Electron microscopy (EM) was the first proposed and attempted approach to sequence DNA
molecules before the Sanger sequencing was established and this concept has recently been
reevaluated with the emergence of new technologies. Since scanning tunneling microscopy
(STM) can reach atomic resolution, STM for single-molecule sequencing is being explored.
LightSpeed Genomics is developing a microparticle approach by capturing sequence data with
optical detection technology and new sequencing chemistry from a large field of view to reduce
the time consuming sample and detector rearrangement. Halcyon Molecular is developing a
DNA sequencing technology by atom-by-atom identification and EM analysis. The key
advantage of this technology is very long read lengths. ZS Genetics is also developing EM-based
technologies for single-molecule DNA sequencing.

Other approaches for single-molecule sequencing

lon Torrent developed an entirely new approach to sequencing based on the well- characterized
biochemistry that when a nucleotide is incorporated into a strand of DNA by a polymerase, a
hydrogen ion is released as a byproduct. They have developed an ion sensor that can detect
hydrogen ions and directly convert the chemical information to digital sequence information. In
essence, their NGS platform can be defined as the world's smallest solid-state pH meter.

Focusing on resequencing specific sections of the human genome combined with genome- region
enrichment, Genizon BioSciences is developing a sequencing-by-hybridization technology based
on known reference sequences. Avantome (acquired by Illumina) is also exploring the single-
molecule sequencing technologies.
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Road to the personal genome project

Since the initiation of 1000 genome project the cost of sequencing an individual genome has
been rapidly decreasing and will likely reach $1000 per person within a short period of time,
making personalized medicine become a possible reality. In genomics, the personal genome era
made available by NGS technologies will mark a significant milestone in entire genomic
research field in the foreseeable future. It is not clear which NGS technology will eventually
dominate the genomic research field, but it is almost certain that further reductions in cost, rapid
increases in sequencing speed with improved accuracy, and the advantages conferred by these
new technologies will assure that NGS will become an essential molecular tool affecting all
aspects of the biological sciences. Detailed information of the NGS technologies and platform
discussed above is summarized in Table 2.

Table 2. Platforms and detailed information on NGS technologies

Technology Amiplification Read length Throughput Sequence by synthesis

Currently available

Roche/GS-FLX Titenium Emulsion PCR A0—£00 bp 00 Mep/run Pyrosequencing

MuminaHiSeq 2000, Hi%can Bridge PCR (Cluster PCR) 2= 100 bp 200 Ghp/run Reversible lerminators

ARISOLAD $500x] Emulsion PCR S0=100 bp =00 Ghp'run Sequencing-byv-ligation (octamers)
Polonator/ G007 Emulsion PCR 26 bp =10 Ghp'run Sequencing-by-ligation (monomers)
Helicos Heliscope Mo 35 (25=55)bp 21=3T7 Ghprun  True single-molecule sequencing (t5M5)

I development

Pacific BioSciences/ RS No 10040 bp MIA Single-molecule real time (SMRT)
Visigen Biotechnologies hyts] >0 Kbp A Bese-specific FRET

LS. Genomics Mo MNIA MIA S'.rlg::-n‘.l.ﬂ:\.'u!: mapping
Genpvioxx No NiA A Single-molecule sequencing by synthesis
Oxfiord Nanopore Technologies No 35 bp MIA Manopores‘exonucleass-coupled
MNABsys No MNIA MIA Manopores

Electronic BioSciences o MNIA A Menopores
BioManomatrix/nanoAnalyzer Mo 400 Kbp MIA Manochanne] arrays

GE Global Research Mo MNiA A Closed Complex/nanoperticle
1BM o MNIA MIA .‘\;:nnpll:rc-u

LingVitae No MNIA MIA Manopores

Complete Genomics Mo 70 bp A DMA nanoball arrays
bassLinnovation Mo MIA MIA Menostructure arrays

CrackerBio No MNIA MiA Manowells

Reven o MNIA MIA Mano-knife '-"'Il“

Int=lligent BioSystems Mo MNIA MIA Electronics

LightSpeed Genomics Mo MNiA A Direct-read Sequencing by EM
Haleyvon Molecular Mo MIA MIA Direct-read Sequencing by EM
Z5 Geneties No MNIA MIA Direct-read :‘s:.‘:p:n:.‘mg by TEM
len Torrent ?41\12.:H|11 o MNIA MIA Semiconducior-bassd ;.-H ssquencing
Genizon BioSciences/'CGA Mo MIA MIA Sequencing-by-hybridization
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Current strategies for the NGS project

To ensure the correct identification of genetic variants, short-read coverage must be sufficient to
ensure the complete and accurate sequence assembly. Currently, at least 30x coverage is
recommended in whole-genome scans for rare genetic variants in human genomes, which is a
burden on computer resources and cost management. Although the cost of whole-genome
sequencing has dropped substantially, the cost remains a major obstacle; whole-genome
sequencing of a single individual currently costs approximately $100,000.00. By targeting
specific regions of interest, selective DNA enrichment techniques improve the overall cost and
efficiency of NGS; however, targeted enrichment must maintain uniform coverage, high
reproducibility, and no allele bias for any genomic region. Targeted sequencing generally
focuses on all protein-coding subsequences (the functional exome), which only requires ~5% as
much sequencing compared to that required for the entire human genome. This strategy currently
reduces the overall cost to around $10,000 or less for the sequencing of a single individual. An
important consideration to the cost of such experiments is the depth of sequence coverage
required to achieve a desired sensitivity and specificity of at least 25-fold nominal sequence
coverage. The most common techniques for targeted sequence enrichment are either microarray-
based or solution hybrid- based. Several targeted selection technologies have been marketed and
successfully applied in different NGS projects with variable success and may become the tools of
choice to lower the burden of time and cost. For example, using targeted selection strategy, the
mutations in DHODH from four individuals from three unrelated families with Miller syndrome
have been successfully identified, illustrating that selective DNA enrichment techniques will
dramatically reduce overall cost and accelerate discovery of genetic variants that cause rare and
yet to be discovered genetic disorders. Other genetic loci for rare diseases have also been
successfully identified through exome sequencing, further validating this strategy. Commercially
available products for targeted sequence-enrichment include Agilent's SureSelect and
NimbleGen's SeqCap/EZ Exome (both array- and solution-based technologies), RainDance and
IHlumina's TruSeq (solution-based technology), Febit's HybSelect and LC Sciences (microarray-
based strategy), Qiagen and Fluidigm (PCR-based method) (Table 3).

Table 3. Targeted sequence- enrichment technologies for NGS.

Technlogs Approsch Flatfarm Website

.-'\.5:.:"‘. BureSel son Vray- and wlulion-based [Heming Roche'ABI hitlps e sl 4}:::;|:I STy

RaenDance "'-l.',l'l'.!rl'[":.,-t-!';-.:.| leming Roche AB! hitp aww raingdang ..'l..\.'..ll:lll:-\.::r:: T
NmmbleGenSeqCep EZ Exome  Armey- and solution-based  [luminaRoche’'ABl  hip:swa_nimblegen.com producits segoep mdex, himl
FehitHybSelect Microarmey-hased llemingRoche’ABl  hip:Vsww. febit.commicroarmey-sequencing mdex. cfm
Fluidigm PCH-based lHumineRoche'ABl  hitp:Vsww. flusdigm, comlergeied-reseguencing. himl
Mycroarmay Myselect Solution-based lllumimaRoche'ABl  hapyVYsww.mycroamey com/prodects myselec.himl
L{ Scwnces Mecroammay-based lllummaBoche'ABl  haps'www e scsencei.com/apphicabions genomics
(ragen/ Seq Targel Long-range PR -based lHumma'loche' Al hapsww quagen com products’ scqrergotey s torm. aspx
Iumine TruSeg Solution-based [Humma'Ploche' ARl hapswswalleminicom applseasons. lamn
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Bioinformatics for NGS data

The parallel short-read strategy of NGS opens many challenges for bioinformatics to interpret
the short reads and the genetic variations in human genomes. The full benefit of NGS will not be
achieved until bioinformatics are able to maximally interpret and utilize these short-read
sequences, including alignment, assembly, etc. Typically, tens or hundreds of Gbp short reads
can be generated during each run in any given NGS platform. As a result, the average NGS
experiment generates terabytes of raw data, making data analysis and management of data
problematic. Given the vast amount of data produced by NGS, developing a massive data storage
and management solution and creating informatics tools to effectively analyze data will be
essential to the successful application of NGS technology. Further adding to the bioinformatics
problems, there are differences among the various NGS platforms in term of data format, length
of reads, etc., which results in the need for diversity in bioinformatics including sequence quality
scoring, alignment, assembly, and data processing.

The benefits of NGS sequencing will not be fully appreciated until extremely high- performance
computing and intensive bioinformatics support is available. The information accrued by NGS
may lead to a paradigm shift in the way that genetics and bioinformatics converge. Since NGS
technology is in an early stage of development, a variety of software tools are under development
and many are available online for NGS data analysis. Their functions fit into several general
categories: (1) alignment of reads to a reference sequence; (2) de novo assembly, (3) reference-
based assembly; (4) base-calling and/or genetic variation detection (such as SNV, Indel); (5)
genome annotation, and (6) utilities for data analysis.

Alignment and assembly

Despite the sequencing power of NGS, the short-read length strategy creates serious limitations
in many biological applications. Efforts to date have focused on overcoming the limitation of
short reads for genome-wide analysis, but unfortunately, current available bioinformatics ability
and computing power is lagging far behind the needs for NGS sequencing data analysis. In
genomics, reference-based assembly is often performed to map the number of short reads to a
human reference genome which creates challenges for the algorithms and computing of
alignment. Since repetitive sequences are widely distributed across the entire human genome,
some short reads will align equally to multiple chromosomal locations. This is one of the reasons
multiple-fold coverage of a given region is required for NGS and why further resequencing with
Sanger methodology is often needed to ascertain the genetic variant detected in short reads.

The most important step in NGS data analysis is successful alignment or assembly of short reads
to a reference genome. It is a challenge to efficiently align short reads to a reference genome,
especially when developing new algorithms to handle ambiguities or lack of accuracy during the
alignment. Based on the mapping quality concept, MAQ (Mapping and Assembly with Quality),
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a very popular NGS software program, was developed that can efficiently map short reads to a
reference genome and derive genotype calls to the consensus sequence with quality scores. MAQ
is one of the first reference guided assembly programs. It is accurate, efficient, versatile, and
user-friendly, and has been successfully applied to several NGS projects. ELAND (Efficient
Large-Scale Alignment of Nucleotide Databases), another NGS program designed to search
DNA files for short DNA reads allowing up to 2 errors per match, has also been successfully
used in several NGS projects. Benchmarks comparing ELAND with other popular NGS
software, such as MAQ, BLAST (Basic Local Alignment Search Tool), SOAP (Short
Oligonucleotide Alignment Program), and SeqMap etc. (Table 4), generally place ELAND as
one of the fastest available programs. Compared to reference-based assembly with very short-
read length sequences, de novo assembly is even more challenging. Currently de novo assembly
with NGS data is generally limited to microbial genome projects (Metagenomics) due to the
small bacterial genome size. The primary goal of current algorithms and computing for short-
read assembly with NGS technologies is to increase read length. This goal will likely be
achieved by the development of single-molecule sequencing technologies. Certain improvements
in existing NGS technologies, such as mate-paired short reads, may also make this goal
attainable. Individual human genomes (one Asian and one African) have been successfully
sequenced and assembled using the Illumina Genome Analyzer (read lengths ranged from 35 to
75 basepairs) with a modified SOAP program, SOAP denovo. Available bioinformatic tools for
short-read alignment, de novo and reference-based assembly for NGS are listed in Table 4. Since
many of the programs are open source, additional programming may be needed to modify the
program to the needs of a specific NGS project. Some online utility programs, such as
EagleView or LookSeq also provide some additional assistance on NGS data analysis and
interpretation (Table 4). In bioinformatics, sequence assembly refers to aligning and merging
fragments of a much longer DNA sequence in order to reconstruct the original order of the
sequence. Genome assembly is simply putting sequenced fragments of DNA into their correct
chromosomal positions. This is needed as DNA sequencing technology cannot read whole
genomes in one go, but rather reads small pieces of between 20 and 1000 bases, depending on
the technology used. Typically the short fragments, called reads, result from sequencing genomic
DNA, or gene transcript (ESTS).

The first sequence assemblers began to appear in the late 1980s and early 1990s as variants of
simpler sequence alignment programs to piece together vast quantities of fragments generated by
automated sequencing instruments called DNA sequencers. As the sequenced organisms grew in
size and complexity (from small viruses over plasmids to bacteria and finally eukaryotes), the
assembly programs used in these genome projects needed to increasingly employ more and more
sophisticated strategies to handle: Terabytes of sequencing data which need processing on
computing clusters; Identical and nearly identical sequences (known as repeats) which can, in
the worst case, increase the time and space complexity of algorithms exponentially; Errors in the
fragments from the sequencing instruments, which can confound assembly.
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Table 4. Alignment, Assembly and Utility Bioinformatics tools
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Program Functlon Flatfor m Websle

D2 nove assenthly

Ahyss Alignment/assembly  Olumina bt iweww e gae. calplatformubicinfosofiw ane//abyss

ALLPATHS Alignment/assembly  Dlumina hitp:/fwww hroadinstitute. org/science/ programs’ genome-biology/'crd
AMOSemp Alignment/assemhbly  Raoche hitp://sourcefiorge net/projects’amos files!

ARACHNWE Alignment/assembly  Roche hitpe/iweww broadinstitute. org/science’ programs’ genome-hiology/c rd
CAP3 Alignment/assemhbly  Roche hitp://phil univ-lyonl. fr'cap3. php

consensus'Seg-Cons Alignment/assemhbly  Raoche hitpe/fwww segan. defdownloads projects himl

Curtain
Edena
Euler-5R
FuzzyPath
IDBA
MIRAMIRAS
Wewhler
Phrap

R A

RRA
SHARCGS
SHORTY
SHELAP
S0APdenova
SOPRA
SR-ASM
SSAKE
Taipan
VCAKE

Welvet

Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly
Alignment/assembly

Alignment/assembly

DNumina’Roche’ ABI
Mumina
Mumina'Rocha
DNumina’Roche
Mumina
Mumina'Rocha
Rache
Mumina’Rocha
Mumina
Dumina
Mumina

ARI

Rache

Mumina
Mumina’ABI
Rache
Mumina’Rocha
Mumina
DNumina’Roche

MNumina'Roche’ ABL
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hitpe i ode google compe urtain

hitp:/fwww genomic ch'edena
hitp:/feuler-assembler wesd. edw/portal/ Tg=team
fip://ftpsanger acuk/pub/zn |/ fuzzypath/ fuzzypath_v3.0.1gz
hitpe/fwww cs hku hbk/-alse/idba/

hitp://ehevreus org/projects_mira himl
roche-applied-sciencea. com’

hitp:/fwww phrap.org/consed/'consed him|=howTol et
hitp://rga cerb. oregonstate edw’
hitpe/iigsrac grb. cregonstate 2 duw’

hitp://sharcgs molgen mpe. da'

hitpe/fwww cs sunysh. edw'—skiena’shoriy/

By requast

hitp://s0ap genomics. org.cn

hitpe/fwww physics. rutgers edw; TEanirvansSOPRAS

hitp: /i hioserver es. put poznan pl/sr-asm-shon-reads-sssembly-al gorithm

hitpe/fwww b gse. calplatfomy bioinfo/'sofiware'ssa ke
hitp://sourcefiorge net/projects/taipan/files’
hitpe/isourceforge net/projectsveaka

hitpe/fwww ebi acuk/%h TEze rhino/vel vet
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Reference-hased assenhly

BF AST Alignment/assembly  Dumina’ABI hitp://sourceforge net/apps/mediawiki/biast/index phptitle=Main_Page
Bowtia Alignment’assembly  Dumina’Roche/’ABI  hipe//howtie-biosourceforge. net

BW A Alignment/assembly  Dumina’ABI httpe/fhio-bwasource forge nethwa shiml
Caronalite Alignment/assemhbly  ABI hitpe//solidsoftwaretsol 2 com. g project/corana’
CABOG Alignment’assembly  Roche/ABI hitpe/iwgs-assembler sfnet

ELANIVEL AND2 Alignment’assembly  Dumina’ABI hitpe/Pwww il lumina comy’

EULER Alignment/assembly  Dlumina hitp:/Yeuler-assembler wesd. edw/portal/

Exonerate Alignment/assembly  Raoche hitpe/fwww e bi acuk/—guy/exonerate

EMBF Alignment/assembly  Dlumina httpe/fwww biomedcentraleomy' 1 471-2 105/ 1 0Tissue=5 |
Genomehapper Alignment/assembly  Dlumina hitpe/Y 1001 genomes org/downloads’ genomemapper himl|
GMAP Alignment/assembly  Dlumina hitpe/fwww gene. comy/share/ gmap

Frogram Functlon Flatfor m ‘Website

Enumap Alignment/assembly  Dlumina hitp://dna cs byw. edu/gnumap’

CON Alignment/assembly  Dlumina hitp:/ficomsourceforge net’

Karma Alignment/assembly  Nlumina’ ABI hitpe/fwww sphamichedwesg/phakarmal’

LAST Alignment'assembly  Dlumina hevpe/last. chire jp'

LOCASR Alignment'assembly  Dlumina hetpe/fwww-a boinformatik. wni-tuehingen de'softwanelocas
Mapreads Alignmentassembly ABI hitp:/fsolidsoftwaretools.com g project/mapre ads)”

WA Alignmentiassembly  Dlumina/ABI hitpe/'mag sourcefor ge. net

MO Alignment'assembly  Dlumina hotpe /' maoneshe. vew. adw’

Mosaik Alignmentassembly  DluminaRoche’ABI  hiipe/hicinformatics be adw'marthlab/Mosaik

nrF AST/mrsFAST Alignment/assembly  Nlumina hetpe/'mrfast sourcefiorge net!

MIUMer Alignment/assemhbly  ABI hotpe /i mummeer. souncefor ge. net)’

nexalign Alignment/assembly  Dlumina hitp://genome.gse riken jposc’english'dstaresounc e’
Monvoeraft Alignmentassembly  Dlumina W ovase ra ftcomy’

Parhd Alignment/assembly  Dlumina/ ABI ode google comp/pammy’

Razers Alignmentassembly  Dlumina’ABI hotpe/fwww segan. de'projects razers himl

RMAP Alignment‘assembly  Dlumina r/frulaieshl.eduw'rmap

segemehl Alignment‘assembly  Dlumina’Raoche fiwww bioinf uni-leipzig.de’Software’segeme hl’
SagCons Alignment'assemhbly  Raoche hetpe/fwww segan. de'projects/seqeons himl|

SeqMlap Alignment’assembly  Dlumina hitp:/‘biogibbs stanford edw'* jiangh/Seghap’

SHEIMP Alignment‘assembly  DluminaRoche’ABI  hiipe/comphio.cs torontoedw/shrimp

SliderSliderll Alignment/assembly  Nlumina hetpe S fwwaw e gse. ca'platformy bici nfo'sofiw are'slidar
S0OCS Alignmentassemhbly  ABI hotpe/fsolidsoftwaretool s com gl project/socs’
SOAP/SOAP2 Alignmentassembly  Dlumina/ABI hotpe//soapgenomics. org. cn

EAHAKEAHAZ Alignment/assembly  Nlumina’Raoche hitp:/fwww sanger acuk/Software/analysis/SSEAH A2
Stampy Alignment'assembly  Dlumina hovpe S fwww ow el Los. ac. uk/-manting

SX0ligoSearch Alignment'assembly  Dlumina hotpe /sy nasite mgre com oy BOEN sxog MNew S X0ligoSearch. php
SHORE Alignment‘assembly  Dlumina 10| genomes org/downloads 'shore him|

Wmatch Alignment'assembly  Dlumina hotpe S fwwaw vmaichode
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Diagrostiesurilitfes

Anemis/ACT Wisualization tool MwminaRoche hitp:/fwww sanger acuk/resourc es/soffwarearemis
CASHX Pipelina Mumina hitp://seganswers com/wiki/CASHX

Consed Wiswalization tool Mumina’Foche hitp:/fwww ge nome. washington edw/consed/consed him|
EagleView Wisualization tool Mumina’Foche hitp:/‘bioinformatics be adu'marthlab/EagleView
Fast()C Quality assessment Mumina'ABI hitp:/fwww bisinformatics bharc.ac uk/projects/ fastge
Crambit Wisualization tool Mumina’Roche hitp:/‘bioinformatics be adu'marthlab/Gambit

Groby Diata mana gement Numina’Roche’ ABI  hitp://campagne lab. org/software’ goby,

G-507 Diata mana gement Mumina’ABI hitp://public.igen. crg/sqz

Haw kaye Wisualization tool Mumina’Foche hitp://amos. souncefor ge. nethawkeye

Hybrid-SHREC

Errar Comrection

NuminaRoche’ ABT

hiip:

www.es helsinki fi/wImsalmel hybrid-shrec

G Wisualization tool Mumina hitp:/fwww broadinstitute. org/igy/\g=home
LookSeq Wiswalization tool MuminaRoche hitp://lookseq. sourceforge. net
MagicViewer Wisualization tool Mumina hitp://biinformatics zj. cn'magicviewer
Frogram Functlon Flatform Wehslte

MapView Viswalization tool Mumina hitp:/fevalution sysu.edu. cn/mapview
NGEView Wiswalization ool DNumina’ ABI hitp://ngsview sourceforge. net

PIQA Quality assessment Numina htip:/Ricinfo. whedw PIQ A

Reconciliation Assembly pipeline Mumina hitpe/fwww genomeumd . adw'softwane him

RefCaowv

Sequence coverage

NuminaRoche

hitp:

‘genomewustl adwtools'cancer- genomics

SAM Tools Liilities Numina'Raoche hitp://sourceforge net/projects’samtoals/files

Savani Wiswalization toaol MNumina'Roche hitp://comphio. cs torontoedw/'savant

ShortRead Cuality assessment MNumina'Roche hitp:/hioconductor. org/packages’2 &'biochtml/ShortRead himl
SHREC Ermrar Comraction MNumina'Roche hitp:/woww informatik. uni-kiel . de'jase/Shrec

Staden Tools (GAPS) Pipeline MNumina'Roche hitp://sourceforge net/projects’sta den/fi les.

Tablat WVisualization tool NuminaRoche hitp:/bicinf. seri.ac uk/tablet

TagDust Diata cleaning Mumina hitp:// genome gsc riken jp'osc’english/softwara’.

TileQC Quality azsessment Dumina hitp:/fwww science oregonstate edw'—dolanptilage

XMaichView
Yenta

Geneus

WVisualization tool
Viswalization ool

Diata management

NuminaRoche
Mumina

Numina’ ABT

hiip:
hitp:
hitp:

www be gse.ca'platformyhicinfiov'softw ane'smatchview
‘menomewustl adwtools/cancer- genomics

'www genologics comsolutions resaare h-informatics
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Annotation and functional prediction

After successful alignment and assembly of NGS data, the next challenge is to interpret the large
number of apparently novel genetic variants (or mutations) present by chance in any single
human genome, making it difficult to identify which variants are causal, even when considering
only non-synonymous variants. Many novel genetic variants/variations have been discovered for
each sequenced genome, resulting in approximately 400 function- altering variants for protein-
coding sequences per individual genome. Recognition of functional variants is at the center of
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the NGS data analysis and bioinformatics. It is challenging to develop software with the ability
to distinguish low-frequency alleles descendent from ancient ancestors from de novo or
extremely rare mutations recently introduced into the population. Available bioinformatics tools
for annotation and functional prediction of NGS data are listed in Table 5. SIFT (Sorting
Intolerant From Tolerant) is used to predict whether an amino acid substitution affects protein
function based on sequence homology and the physical properties of the amino acid can be
applied to find non-synonymous polymorphisms within NGS data. By considering the
physiochemical variations presented in protein sequence alignment and the property of
variations, Multivariate Analysis of Protein Polymorphism (MAPP) can predict the impact of all
possible amino acid substitutions on the function of the protein. Predictor of human Deleterious
Single Nucleotide Polymorphisms (PhD-SNP) is an optimized program to predict if a given
single point protein mutation can be classified as disease-related or as neutral polymorphism
based on protein sequence and profile information. Polymorphism Phenotyping (PolyPhen) and
updated PolyPhen-2 are tools which predict the possible impact of an amino acid substitution on
the structure and function of a specific protein using straightforward comparative physical
methods. Variation detection software, which includes screening genomes for structural and
single nucleotide variants and the differences between genomes are generally integrated with
alignment and assembly processes and are listed in Table 5.
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Table 5. Genetic Variant Prediction and detection bioinformatics programs for NGS data analysis

Varlant predieton/detection Flatform Webslte

Functlonal varlant prediction

B-SIFT hitp:/research-pub. gene comhei fi/
MAPP hitp:/‘mendel stanford edw'supplementarydaia’sione_MAPP_2003
Ph-5MP hitp/f gper. biccompunibo it'—emidio/PhD-SNF/PhD-SNP

FolyPhen-2/PalyPhen
SIFT

SMAP
SMAPper/Pedant

Varlant detectlon

Srrcruralpenanele varlanr

BreakDancer
BreakDancerBD- Mini

Breakway RocheTlumina’ABI  hitpe/Ysource forge net/projectshreakoway/files/

CWW5eq Raoche hitp:/ftiger.dbs. nus edusg/CN V-seg/

cnvHMM [Numina hitp:// genome wust] . adw'pub/software/cancer- genomics'cnv HM M/
cnly [Mumina hitpe/fwww. sanger ac uk/resources/software’cnd himl
GASVIGEY [Numina hitp:/fes brown.edw peoplebraphael /softw ane himl

Hydra [Numina hitp:/fcode. google.com/phydra-sv/

MaoDIL [Mumina hitpe/Ycomphio.cs. torontoedu/ maodil/

mrF AST [Numina hitp:/fmur fast source forge net/

MaovelSaq RaocheTllumina’ABI  hitp://comphio.cs.sfu. ca'strvar him

PEMer RocheTumina’ABT  hitpe/Ysv. gersteinlaboorg, pemer

Pindsl [Numina hitpe/fwww ehiac uk/—kye'pindeal/

SegSeq Numina’ABT hitpe/ S www broadinsti tute org,

S0APsy RocheTlumina’ABI  hitpe//s0ap genomics.org.cn

Solid large Indel tool ABI hitp:/fsolidsofiwaretools com/giproject/large_indel/

Salid CWNW toal ABI hitp:/Yz0lidsoftwaretools com/ giiproject/cnv/

SWT [Mumina hitp/Y genome wust] . adw'pub/software/cance r-genomics'GET AT/
WariationHunter VH-CR. [Numina hitpe/fcomphio.cs. sfu. ca'strvar himl

WARID ABI hitp:// comphio.cs. wtoronto.ca’varid

Raoche/Tlumina’ ABT
Racha/Tllumina’ ABT

hitpe /Y
hitpe

hitp:/f genetics. bwh. harvard. edw/pph2/

bt/

hlacks fhore argsift/S IFT himl
www rostlaboorg/services SNAP

pedant. gsf.de/snapper

hitpe// genome wust]adw'tools/cancer- genomics'

bt/

seganswers comwiki/Break Dancer
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YVarlant predictlon/detectlon PFlatform Wiebsite

Sngle miclentide variant

Atlas-EWP2 RaochaTllumina hitpe/iwww, hgse. bem tme. eduf'casca de-tech-softw ane-ti hgse
BOAT [Numina hitp:/ et chi. phueducn

DMA Baser Roche hitpe/fwww, dnabaser. comyhelp'manual himl

DMAA RaocheTllumina’ABI  hitp://source forge net/projects’ dnas

Cralign [NMumina hitp://shahamlab. roc kefeller. adw/galign/galign him
GigaBayes PhShort Roche/Tlumina hitp:/ higinformatics be eduw'marthlab/GigaBayes

GEMNAP Raoche/Tllumina hitp://share gene com/gmap.

inz AP Rache/Tllumina hitp://zites. google.com./site/nexige ngenomics/ ingap
ngs_backbone Raoche/Tlumina hitp:/bicint comav upv.es'ngs_backbona/index himl
Omixon Variani ABI hitp: /www omizxon comomixon index himl

PyroBayes Raoche hitp:/hicinformatics be adwmarthlab/PyroBayes

sahaShP Mumina’Roche hitp: /fwww. sanger acuk/Sofiware’analysis’ssahaS WP

Slider [Numina hitp: /fwwew. begse. ca'platfomubicinfo/saftware/'slider
SWP-g-matic [NMumina hitp:/'snpomatic sourceforge. net

SMPSecker [Numina hitp: /fwwew. genetics, wustLadu/'mlab,

SMWMix [Numina hitp: /fcomphiobecre ca

S0OAPsnp Raoche/lllumina’ABI  hip://scap genomics.org.cn

SWA434 Raoche hitp: /fwww broadinstitute org/science programs’ genome-hiology/cnd
SvaA [Numina hitp: /fwww. svaproject.org

VAAL [Numina hitp: /wwew broadinstitute org/science programs’ genome-hiology/cnd
VarScan RaochaTllumina hitp:// genome wustl edwtools/cancer- genomics

VARID RocheTlumina’ABI  hitp://comphio.cs. utoronto.ca’varid

[Mfferences hetween gennmes

DIAL [Numina httpe /e b pesuedidmiller_labs

SomaticCall [NMumina hitpe/fwww broadinstitute org/science/ programs) genome-hiology/crd
SWAP434 Rache hitp: /fwww broadinstitute org/science programs’ genome-hiology/cnd
VAAL [Numina hitp: /wwew broadinstitute org/science programs’ genome-hiology/cnd

End-user packages

End-user software packages which provide a user-friendly interface, easy to use data input and
output formats, and integrates multiple computing programs into one software package, may be
the best solution for most biomedical researchers. Based on our experience, among available
end-user packages, Genomic Workbench from CLC Bio appears to be the most widely used.
NextGENe from SoftGenetics is excellent for candidate-gene resequencing projects, but it cannot
handle very large datasets and may not be suitable for large genome sequencing projects.
SegMan Ngen from DNASTAR is under development but currently unavailable. Although
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commercial end-user packages tend to carry a hefty price, some are available free online as
detailed in Table 6.

Table 6. End-User software packages and cloud computing software for NGS data analysis

Sofmware packages Funetoen Woehsine

End-user sofTware pack ages

Genomic workbench'C LChio Miulii-iask hip:/arwa g lohiccom/ index phpfid=1331
NextGEMNeSofiGenctics hluliti-iask hip:/softgenetics. com/ NextGEN ¢ him|

Genomatix Genome Analyzer Miulti-iask htpe e woar g nomatin de genome_a nalyzer himl

Zoom Miulti-task hipsfharww bicinformat icktol utions com products/zoominde x_php
Seqhian MNgenDMNASTAR Wholti=task sl ww dnaster, com T =prodocti- SHgmans Agen_ atpx

PP Genomice Whulti=-task hps e ww j mpoomyso fiware’ genomick index shiml
RTG'Real Time Genomics Whulti-task pe e ww realtimegenomic § com'R T-Softwane

PASS Nhilti-task pe pass s b umipdave gr-bon pass pl?acion= Doawlosd
CASAV A Nhilti-task Hpe SRR |l ina oo soflw anhe

Geneus'GenoLogics Whlti-task htpefiwww genologic s.comsolutlons/researc h-informatics
Roche Analysis tools Miulti-task hip: 454, com/producis-solutions snalyveis<tool s/ index. asp
VERAP Milti-task hip://sourcefonge et appe’ madiawiki/ vancouvershonr

BING Multi-task hipearwardinulah, o bing

PalGeE PR Wholtistasi hip://personal genomicsinstitute orgindex php

GATE Wholtistask hetpe /e woar broadi nstitete, ong/ gaa'wi kiindex php

Gensions Pro Winlti-taek htpefarwoar g ndiowst comy defaualt, | 246 MOGS % 20Assembly am
Parek GS/Partek Whulti-task hipe /e war panek com partek gi

Biosaops Whulti-task hipas/) products appliadbicdystems comab'en/ TS /adinecl

Ooud computing

Crossbow Mapping and SNF calling Wip:/bowtig-biosl me

Clowd Burst Reference-bhased mapping  Wipssourcefonge net/appa’ mediawiki'cloudburst-hio
Conerail D povo msembly hpe//sourcelonge net/appa’ madiawik i contrail-bia
Clowd-MAQ Modified-Mag for clowd hip:/i geschickien.com /download, himl

Bioscope Reference-hased mapping  lips:// products applisdbicsysiems. com./ab/'en/US /adirea
Cyele E'..\l'::;n.l:-'nh- Cloed com n,.1i|'.j i/ e cl..:la.'-\\m;n.nnh- o

Genome Quest Customer sgnvige htpe /e W g nomoqUEst. oo

Goospiza/ GeneSifier Customer sgnvige htpefarww peospizacom/Contact gcr..;.\-ii:':cnri.'.l_nh‘ shtml

As previously mentioned, the fact that high-performance computing and intensive bioinformatic
support is needed for NGS, it is difficult for many research laboratories to successfully conduct
NGS projects due to the high level of information technology support required. A possible
solution is cloud computing. In cloud computing, a user can use a virtual operating system (or
“cloud”) to process data on a computer cluster for high parallel tasks. CrossBow is the first cloud
computing software capable of performing alignment and single nucleotide polymorphism
analysis on multiple whole- human datasets. CloudBurst is another new parallel read-mapping
cloud algorithm optimized for mapping NGS data to a human reference genome, SNP discovery,
genotyping and personal genomics. Data generated on Applied Bio-systems' SoLiD platform
uses a two colored system which makes it unsuitable for analysis by many available software
packages. The Bioscope package, developed by ABI, is devoted to their SoLiD data and can be
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used as a single software package or for cloud computing, likewise, CASAVA package
developed by Illumina is utilized for Genome Analyzer data. Available NGS cloud computing
technologies are listed in Table 6. GenomeQuest, Complete Genomics and Geospiza/GeneSifter
provide online customer oriented NGS data analysis services, which is a little different from
cloud computing by definition.

Conclusion

NGS technologies will certainly enable us to identify all the causative variants including “rare
variants” within individual human subjects. It is anticipated that whole- genome sequencing (or
exome sequencing) will make significant contributions to our understanding of the genetic
etiologies that contribute to complex human disease, as well as the genetic basis of genomics.
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Chapter 2
NGS Data Formats & Quality control (QC)

Rosana O. Babu

Introduction- NGS Data Formats

Sequence Sources & Read Data Formats

NGS data sets are very large, but as the cost per MB is now so low we expect to see them
generated for many large-scale experiments where the mapping and analysis of the short read
sets will be the key to interpretation of results.

For further analysis of NGS assembled data, whether a de novo assembly or using a set of NGS
reads mapped to a reference sequence. Our initial aim is to rapidly produce a set of utility
functions that can be used to read and interpret NGS assemblies, for example MAQ .map files,
and to calculate statistics based on position, gene an

notations, etc. These will then be used to build new applications and to demonstrate to end users,
and to other developers, the ease of programming and the added value of the many interfaces
already available.

NGS data volumes require new storage structures. As well as reading MAQ .map files and other
formats for 454 sequencing and for new instruments) either by reading their formats or by using
existing utilities to convert them. The instrument manufacturers show encouraging signs of using
open data format and we will keep a close watch on emerging formats for a brief understanding

(i) NGS Data Sources

« NCBI
« EMBL
- DDBJ

e MINSEQE Minimum Information about a high-throughput Sequencing Experiment
(i) Sequences

Sequences can be read and written in a variety of formats. These can be very confusing for users,
but EMBOSS aims to make life easier by automatically recognizing the sequence format on
input. That means that if you are converting from using another sequencing package to EMBOSS
and you have your existing sequences in a format that is specific for that package, for example
GCG format, you will have no problem reading them in. If you don't hold your sequence in a
recognized standard format, you will not be able to analyze your sequence easily. Sequencers;
read aligners; genome assemblers; scientific results from sequencing data; databases of reads;
databases of genomes, variation, or other results. When all of these output data and require inputs
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in their own formats, we can be sure that there will be enormous amount of annoying, boring,
and disappointing work while dealing with sequencing data.

(iii) What is sequence format?

Sequence formats are ASCII TEXT. They are the required arrangement of characters, symbols
and keywords that specify what things such as the sequence, ID name, comments, etc. look like
in the sequence entry and where in the entry the program should look to find them. There are
generally no hidden, unprintable 'control' characters in any sequence format (there are none in
those that EMBOSS supports). All standard sequence formats can be printed out or viewed
simply by displaying their file.

(iv) Why so many formats?

There are at least a couple of dozen sequence formats in existence at the moment. Some are
much more common than others. Formats were designed so as to be able to hold the sequence
data and other information about the sequence. Nearly every sequence analysis package written
since programs were first used to read and write sequences has invented its own format. Nearly
every collection of sequences that dares call itself a database has stored its data in its own format.
Most formats allow you to hold other description, annotation and comments like Fasta format.
Other formats have specific fields for holding information such as references, keywords,
associated entries in other databases and feature tables.

(v) Identification

Most sequence formats include at least one form of ID name, usually placed somewhere at the
top of the sequence format. The simple format FASTA has the ID name as the first word on its
title line. For example the ID name 'xyz":

>Xyz
ttcctetttctcgactccatcttcgeggtagetgggacegecgttcagtcgecaatatgcagctetttgtccgegeccaggagetaca
caccttcgaggtgaccggecaggaaacggtcgcccagatcaaggctcatgtagectcactggagggcatt

(vi) Sequence ID’s and Accessions

An entry in a database must have some way of being uniquely identified in that database. Most
sequence databases have two such identifiers for each sequence - an ID name and an Accession
number.

Why are there two such identifiers? The ID name was originally intended to be a human-
readable name that had some indication of the function of its sequence. In EMBL and GenBank
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the first two (or three) letters indicated the species and the rest indicated the function, for
example 'hsfau’ is the 'Homo Sapiens FAU pseudogene’. This naming scheme started to be a
problem when the number of entries added each day was so vast that people could not make up
the 1D names fast enough. Instead, the Accession numbers were used as the ID name. Therefore
you will now find ID names like 'AF061303', the same as the Accession number for that
sequence in EMBL. ID names are not guaranteed to remain the same between different versions
of a database (although in practice they usually do).

Accession numbers are unique alphanumeric identifiers that are guaranteed to remain with that
sequence through the rest of the life of the database. If two sequences are merged into one, then
the new sequence will get a new Accession number and the Accession numbers of the merged
sequences will be retained as 'secondary’ Accession numbers. EMBL, GenBank and SwissProt
share an Accession numbering scheme - an Accession number uniquely identifies a sequence
within these three databases.

(vii) The Sequence

Nucleotide (DNA or RNA) sequences are usually stored in the IUBMB standard codes
(International Union of Biochemistry and Molecular Biology).

Similarly, protein sequences are usually stored in the IUPAC standard one-letter codes
(International Union of Pure and Applied Chemistry).

A = adenine

C = cytosine

G = ¢guanine

T = thymine

U = uracil

E =G A (purine)
¥=TC (pyrimidine)
K=0GT (kEeto)

M =24 C [(aminoc)
S=GC

W=~AaAT
B=GTC
D=GAT
H=ACT
W=0_GC2A
H=AGCT (any)
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Sequence Database Formats

Some of the most widespread sequence formats apart from fasta are those used by the major
sequence databases.

EMBL
GenBank
SwissProt
PIR

(i) Sequence Files

Files can hold sequences in standard recognized formats. Files can also hold sequences in non-
standard unrecognizable ways. Do not save your sequences in a word-processor format file.

NGS Data Formats

To date, the following sequence formats are accepted as input for NGS tools.

(i) Read Formats (sample are given below)

FASTQ format is a common format for short reads with quality scores. It is supported in
EMBOSS 6.1.0 as a sequence format. Quality scores are also used if the format is more
explicitly named in EMBOSS: fastgsanger or fastgillumina

SFF Standard Flowgram Format, to hold the "trace” data for 454 reads

SRF Sequence Read Format (also called Short Read Format), format specification has
not been updated since February 2008. Applied Biosystems SRF Conversion Tool
(solid2srf) converts SOLID™ system reads into SRF format.

SCARF, Solexa Compact ASCII Read Format. This format contains all information for
one read in a single line. From left to right each line contains the read name, nucleotide
sequence, quality scores for each position, and more information. Illumina’s pipeline can
produce SCAREF files with quality scores in ASCII or numeric format.

SCF first version was described in 1992, since then it has undergone several important
changes such as a major reorganization of the ordering of the data items in the file and
also in the way they are represented

(if) Assembly Formats

MAQ .map format (a compressed binary file format designed for short read alignment)
MAF, MIRA Assembly Format
AMOS A Modular Open-Source Assembler assembly format, used by velvet
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« SAM/BAM (Sequence Alignment/Map) format is a generic format for storing large
nucleotide sequence alignments

Sample Sequence and Read formats

Sequence formats

(i) Plain sequence format
A sequence in plain format may contain only IUPAC characters and spaces (no numbers!).

Note: A file in plain sequence format may only contain one sequence, while most other formats
accept several sequences in one file.

An example sequence in plain format is
acaagatgccattgtcccccggcectectgcetgcetgetgetctccggggecacggecaccgetgecctgeccectggagggtggece
cggaataaggaaaagca

(i) EMBL format

A sequence file in EMBL format can contain  several  sequences.
One sequence entry starts with an identifier line ("ID"), followed by further annotation lines. The
start of the sequence is marked by a line starting with "SQ" and the end of the sequence is
marked by two slashes (/).

An example sequence in EMBL format is:

ID ABO000263 standard; RNA; PRI; 368 BP.

XX

AC AB000263;

XX

DE Homo sapiens mRNA for preprocortistatin like peptide, complete cds.
XX

SQ Sequence 368 BP;
acaagatgccattgtcccccggcectcctgcetgcetgetgetctccggggecacggecaccg 60
ctgccctgeccctggagggtggecccaccggecgagacagegageatatgcaggaagegg . 120
caggaataaggaaaagcagcctcctgactttcctcgettggtggtttgagtggacctcec 180

aggccagtgccgggceccctcataggagaggaagetcgggaggtggecaggeggeaggaag 240
gcgceacccccccagceaatccgegegecgggacagaatgecctgcaggaacttettctgga 300

agaccttctcctcctgcaaataaaacctcacccatgaatgctcacgcaagtttaattaca 360
gacctgaa 368
Il
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(iii) FASTA format

A sequence file in FASTA format can contain several sequences. Each sequence in FASTA
format begins with a single-line description, followed by lines of sequence data. The description
line must begin with a greater-than (">") symbol in the first column.

An example sequence in FASTA format is:

>AB000263 [acc=AB000263|descr=Homo sapiens mRNA for preprocortistatin like peptide,
complete cds.|len=368
ACAAGATGCCATTGTCCCCCGGCCTCCTGCTGCTGCTGCTCTCCGGGGCCACGG
CCACCGCTGCCCTGCCCCTGGAGGGTGGC

(iv) GCG format

A sequence file in GCG format contains exactly one sequence, begins with annotation lines and
the start of the sequence is marked by a line ending with two dot (*..") characters. This line also
contains the sequence identifier, the sequence length and a checksum. This format should only be
used if the file was created with the GCG package.

An example sequence in GCG format is:

ID ABO000263 standard; RNA; PRI; 368 BP.

XX

AC AB000263;

XX

DE Homo sapiens mRNA for preprocortistatin like peptide, complete cds.
XX

SQ Sequence 368 BP;

AB000263 Length: 368 Check: 4514 ..

1 acaagatgccattgtccceccggcectectgetgetgetgcetctccggggecacggecaccg
61ctgccctgeccctggagggtggecccaccggecgagacagcgagcatatgcaggaagegg

(v) GCG-RSF (rich sequence format)

The new GCG-RSF can contain several sequences in one file. This format should only be used if
the file was created with the GCG package.

(vi) GenBank format

A sequence file in  GenBank format can contain  several  sequences.
One sequence in GenBank format starts with a line containing the word LOCUS and a number of
annotation lines. The start of the sequence is marked by a line containing "ORIGIN" and the end
of the sequence is marked by two slashes ("//").
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An example sequence in GenBank format is:

LOCUS

AB000263 368 bp mRNA linear PRI 05-FEB-1999

DEFINITION Homo sapiens mRNA for preprocortistatin like peptide, complete

cds.

ACCESSION AB000263
ORIGIN

I

1 acaagatgccattgtcccccggectectgetgetgetgetctccggggecacggcecaccg
61 tgccctgeccctggagggtggecccaccggecgagacagcgagcatatgcaggaagcegg
121ggaataaggaaaagcagcctcctgactttcctcgcettggtggtttgagtggacctecec
181gccagtgccgggceccctcataggagaggaagctcgggaggtggecaggcggcaggaag
241gcacccccccagceaatccgegegecgggacagaatgecctgcaggaacttettctgga
301accttctcctectgcaaataaaacctcacccatgaatgetcacgcaagtttaattaca
361cctgaa

(vii) Genomatix annotation syntax

Some Genomatix tools, e.g. Gene2Promoter or GPD allow the extraction of sequences.
Genomatix uses the following syntax to annotate sequence information: each information item is
denoted by a keyword, followed by a "=" and the value. These information items are separated
by a pipe symbol "|".

The keywords are the following:

loc
sym
geneid

acc

taxid
spec
chr
cty
str
start
end
len

tss

probe
unigene

The Genomatix Locus Id, consisting of the string "GXL_" followed by a number.
The gene symbol. This can be a (comma-separated) list.

The NCBI Gene Id. This can be a (comma-separated) list.

A unique identifier for the sequence. E.g. for Genomatix promoter regions, the
Genomatix Promoter Id is listed in this field.

The organism's Taxon Id

The organism name

The chromosome within the organism.

The NCBI contig within the chromosome.

Strand, (+) for sense, (-) for antisense strand.

Start position of the sequence (relative to the contig).

End position of the sequence (relative to the contig).

Length of the sequence in basepairs.

A (comma-separated list of) UTR-start/TSS position(s). If there are several
TSS/UTR-starts, this means that several transcripts share the same promoter (e.g.
when they are splice variants). The positions are relative to the promoter region.
A (comma-separated list of) Affymetrix Probe 1d(s).

A (comma-separated list of) UniGene Cluster Id(s).

homgroup  An identifier (a number) for the homology group (available for promoter sequences
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only). Orthologously related sequences have the same value in this field.
promset If the sequence is a promoter region, the promoter set is denoted here.
The gene description. If several genes (i.e. NCBI gene ids) are associated with the
sequence, the descriptions for all of the genes are note, separated by ;"
A comment field, used for additional annotation. For promoter sequences, this field
contains information about the transcripts associated with the promoter. For each
comm transcript the Genomatix Transcript Id, accession number, TSS position and quality
is listed, separated by "/". For GenomatixCompGen promoters no transcripts are
assigned, in this case the string "CompGen promoter” is denoted.

descr

(viii) 1G format

A sequence file in IG format can contain several sequences, each consisting of a number of
comment lines that must begin with a semicolon (**;"), a line with the sequence name (it may not
contain spaces!) and the sequence itself terminated with the termination character '1' for linear or
'2' for circular sequences.

An example sequence in I1G format is:

; comment

; comment

AB000263
ACAAGATGCCATTGTCCCCCGGCCTCCTGCTGCTGCTGCTCTCCGGGGCCACGG
CCACCGCTGCCCTGCC

Read Formats
Sequencers use their own output formats, and even multiple different formats per technology.
(i) Output formats from Roche 454 sequencer

Sff is 454°s binary (=compressed) format, including the raw data. Not the very raw images, but
flow values (flowgram), base calls, base-call qualities, read trimming and quality. There are
many simple tools that “unzip” .sff into some readable textual format (see the black example).

fnaisa FASTA (or FASTA-like) format including the base-called reads.
>000007_1940_1402 length=172 uaccno=E4UQSRDO1EOMP4S
TAACAATCGAGGCGAAGTCCCGTGAGAAGCTGITTACTICTCATGATCACACAGGCGLTG
GCTCCTCAGGCAAACAGGTACGICTACGATAGGTICCATGARAAGTCCARGTITGECCGA
GCTCIGGCTICCITTIGACGCACAGTIGGAACTTCCTIGTIICACGGRAATTGCA

Read with .fna format.
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.qual includes qualities corresponding to bases in .fna.

>000007_1940_1402 length=172 uaccno=E4UQSRDO1EOMP4

28 35 28 27 34 27 26 25 25 28 31 24 26 27 32 25 27 27 32 28 6 28 27 27 27 27 33 26
27 26 27 27 34 30 10 27 25 34 27 28 22 28 27 26 26 27 27 26 27 25 22 23 28 27 18 20
23 27 27 29 21 25 25 34 26 27 24 25 32 24 22 33 28 7 25 20 30 22 28 27 24 25 28 28
28 27 28 26 27 25 23 33 25 35 28 34 27 27 25 28 38 34 21 8 25 27 34 27 31 23 22 36
32 17 20 21 32 24 24 27 28 19 27 28 26 34 28 23 25 35 28 38 34 21 8 26 26 27 25 27
21 28 28 27 27 34 27 34 27 25 30 21 34 26 33 25 26 35 28 20 28 25 34 27 37 33 15 33
25 23 28 25

Read with .qual format.
(ii) Output formats from Hlumina
[llumina is over-creative with their own formats.

.seq.txt: base-called sequences

File: s_1_0001_seq.txt

1l 1 137 6895 BRCATAATGIGTICACTGAGARACRCATTGCACTICARA
1l 1 87 649 TATTGCAACTITGITIAATITTITCATGCCATTATCA
1l 1 121 64z TACATGATTIGCATTTIGGTARATAGCTACTTTIITAT
1l 1 & 581 K nwiE oo mim miis Lbawmininicacn mmesass. mosd as8ssyarsme wimcHess

Read with .seq.txt format.

prb.txt: qualities for each nucleotide/each cycle (is some kind of semi-raw data?)

40 -40 -40 -40 40 -40 -40 -40 -40 40 -40 -40 40 -40 -40 -40
-40 -40 -40 40 40 -40 -40 -40 40 -40 -40 -40 -40 -40 -40 40
-40 -40 40 -40 -40 -40 -40 40 -40 -40 40 -40 -40 -40 -40 40
-40 -40 -40 410 -40 40 -10 -40 40 -410 -40 -10 —40 40 -40 -40
-40 -40 -40 40 -40 -40 40 -40 40 -40 -40 -40 -40 -40 40 -40
40 -40 -40 -40 40 -40 -40 -40 -40 40 -40 -40 40 -40 -40 -40
-40 40 -40 -40 40 -40 -40 -40 -40 -40 -40 40 -40 -40 -40 40
-40 -40 40 -40 -40 40 -40 -40 40 -40 -40 -40 -40 40 -40 -40
-40 -40 -40 40 -40 40 -490 -40 40 -40 -40 -40 37 -37 -40 -40

Read with .prb.txt format.
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Illumina FASTQ is not real FASTQ, but looks similarly (to cause confusion). The quality score
is an own Illumina score, computed by subtracting 64 from the ASCII code of the character. For
example the “h’ in the example is ord (‘h’) — 64 = 104 — 64 = 40.

@ILMN-GAOO1 3 208HWAAXYX 1 1 110 812
ATACAAGCAAGTATAAGTTCGTATGCCGTICTT
+ILMN-GAOO1 3 208HWARXX 1 1 110 812
hhh¥Yhh]NYnhhhhhYIhhaZT [hYHENSPKXR
@ILMN-GAOO1 3 208HWAAXX 1 1 111 879
GGAGGCTIGGAGTTGGGGACGTATGCGGCATAG
+ILMN-GAOO1 3 208HWAAXX 1 1 111 879

hSWhRNJ\ hFhLdhVOhAIBENFXDEPAB2?N?

Read with .fastq format.
See http://www.asciitable.com/ for ASCII codes (Dec is the “ord” in decimal numbers).

The Illumina score can be transformed to Phred score. Given a character ch, the following
expression should give the Phred quality g (please double-check:) q =10 * log(1 + 10 ~ (ord(ch)
- 64)/10.0)) / log(10)

Qseq: Not looking like FASTQ, but the scores are proper Phred scores. Their encoding is
however still ASCII - 64.

HWUSI-EAS521 2 1 26 0 76 0 1
GGCAGCGGGCAGGGLCGAGCCAATGCGTGTGGGEGEGEEEGEGCTCGCAGTGEGEGGGGAACGGCGAGTGLGGGGEE
BBEBBBEBBBEBBBBBBBEBBEBBBEBBBEEEBEEEEBBEBBBEBBBEBEBBBBBBEBEBBEBBBEEBBBBBBBBEB 0

HWWUSI-EAS521 2 1 26 0 562 0 1
GGGAAATAGCTTTCACGCCTTTAGATAATTTCATAAAAATCATAGCGCCAAATGGGGAGCAAACTACCATACACC
BBBBBBBBBBBEBB6686586868BBBBBBBB8B8866886866686868668BB88B8B688B8856886886888 0

HWUSI-EAS521 2 2 | 26 0 1113 0 1
ATCTTTAACAGACCAAGACTGGGCCACAAGCCTCCAGACTGTAACCACTGCTTCAAAGAGGCTTAGGCAGGCAGG
BBBBBBBBBBBBBBBBBBBBBBBBBBB68688886866886BB66688886666688B866668BB6886688BBBB 0

HWUSI-EAS521 2 1 26 0 244 0 1
GGCTGGGTATGAGTCAGGGGGCTCCAGAGAGACAGAACCAGTCGGACATCGACAGATAGATGCGGGGGGAGTTAT
BBEBBBEBBEBBEEBBBEEEEEBEEEBBBBBEBEBEEBEEB588B888B6E8BE8BEB8BBEEBEE88B8BBBBBBE8 0

Read with .Qseq format.

Ilumina “single line format” and SCARF: base-called sequences and quality scores in a bit
more handy format.
>1-1-137-689 AACATAATGTTCACTGAGAACACATTGCACTCAA U0

>1-1-87-649 TATTGCAACTTGTTTAATTTTTCATGCCATTATCA U1
»1-1-121-642 TACATGATTTGCATTTGGTAAATAGCTACTTTTAT U0

Read with single line format

HWI-EAS102_3:6:1:897:791 : AATGTCAATCTGAGTT ... TTT: 40 40 40 40 40 ..
HWI-EAS102_3:6:1:930: 291 : AATGTACTTTTTCTAA ... CTA:40 29 14 17 16..
HWI-EAS102_3:6:1:944:665 : AATCGATCCCCTTCCC...TTC:40 34 33 40 40..

Read with SCARF format
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(iii) Output formats from SOLID

SOLID outputs CSFASTA. It’s a semi-raw format similar to FASTQ. Read starts with the first
base, but colour calls follow.

@ERR000451.1 VAB S0103 20080915 542 14 17 70 F3
T33023230203102103223330020300233001

_|_

T%245719<.0353&:30#%&%2 (——-27%%&%,

Read with CsFASTA format

Assembly Format Sample

Read aligners output a number of more or less similar own formats. However many of them
output data in the common SAM/BAM format, what is good news.

For the typically large data, BAM is currently the most recommended and most “standard”
format.

@HD VN:1.0

@sQ SN:chr20 LN:62435964

@RG ID:L1 PU:SC_1 10 LB:SC_1 SM:NA12891

@RG ID:L2 PU:SC_2 12 LB:SC_2 SM:NA12891

read 28833 _29006_6945 99 chr20 28833 20 10MID25M = 28993 195 \
AGCTTAGCTAGCTACCTATATCTTGGTCTTGGCCG <<<<<<<<<<<<L<LILL<KLK<:<9/,6§,22; ;<<<
NM:i:1 RG:Z:Ll1

read_28701_28881 323b 147 chr20 28834 30 35M = 28701 -168 \
ACCTATATCTTGGCCTTGGCCGATGCGGCCTTGCA <<<<<;<<<<7; 1<<<6 ; <<<<<<LLLLLT <<
MF:1:18 RG:Z:L2

Figure 10: Read with SAM format
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Genome & sequence annotation formats

Genome & sequence annotation formats can store some of the diverse kinds of data resulting
from a sequencing study.BED format is a plain-text (tabular) format that can directly be
displayed for example in the UCSC Genome Browser or similar.

GFF format, latest version GFF3. It’s a tabular plain-text format for genome or sequence
annotation, can contain also the sequences, alignments, dependencies between features. Is
extensible. Currently most recommended & quite “standard” format.

BioXSD is a new set of structured, “object-oriented” formats for exchange of sequence data, any
kind of sequence/genome annotation, and related. It is under development and optimised for use
with (but not limited to) Web services, and aims to becoming a standard format in future. Very
generic and extensible thanks to the use of XML Schema (XSD).

GFF format (gene/genome features)
##gfi-version 3
ctgl23 . operon 1300 15000 . + . 1ID=operon001;Name=superOperon
ctgl23 . mRNA 1300 9000 + ID=mrnal001;Parent=operonl0l;Name=sonichg
ctgl23 . exon 1300 1500 + . Parent=mrnal00l
ctgl2ld . exon 1050 1500 + . Parent=mrnal00l
ctgl2d . exon 3000 3902 + . Parent=mrnal00l
ctglz3 . exon 5000 5500 + . Parent=mrnal001
ctgl23 . exon 5000 + Parent=mrna0001
ctgl23 . mRNA 0000 15000 . + . 1ID=mrna0002;Parent=operon(01l;Name=subson]
ctgl23 . exon 10000 12000 . + . Parent=mrnal002
ctgl23 . exon 14000 15000 . + . Parent=mrna0002
Read with SAM format
Metadata Storage

Nucleotide sequence databases (GenBank, EMBL, DDBJ, gathered under the INSDC
consortium) store a number of types of metadata about the genomic sequences.

However, additional metadata is crucial to enable efficient future research using the submitted
genome & metagenome-sequencing data. GSC consortium has therefore defined the MIGS and
MIMS standards for additional metadata that should be submitted to a public repository.

“The minimum information about a genome sequence (MIGS) specification” .Extended to the
Minimimum Information about a Metagenomic Sequence/Sample: MIMS. MIENS
(environmental sequencing) follow. GCDML is an XML format for MIGS/MIMS/MIENS
metadata, (Using XML Schema and SAWSDL annotations.)
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The two main public read archives and their two main formats

It’s however crucial for each data set to decide what data should be deleted, and after what time!
When and whether to delete the raw data, flows, colours, when and whether the base-called reads
& qualities, alignments. The data is often enormously huge and it will cost you and/or the
national/global institutes a lot of money and energy to store and back them up. Hence we use
SRA format (XML), SRF format.

NCBI SRA submission

SRA submission using the interactive submission interface

Researchers often need to submit their original sequence data to NCBI SRA (short read archive)
for review. Sequence data to be submitted have to be accompanied by metadata which hold
information of the study, experimental design, samples, run parameters, etc. In general there are
two ways to submit metadata to the archive:

e Understand SRA terminology: While you are waiting for your account, go through SRA starter
quick guide: http://www.ncbi.nlm.nih.gov/books/NBK47529/
Basically, in each submission, you can include one or multiple studies. You will be asked
for an abstract describing each study. Associated with each study are one or multiple
samples. A sample describes the nature and origin of the material which has been
sequenced. You can have multiple experiments associated with one particular sample
within a study. The experiment holds details on how the sequencing library was prepared.
For each experiment, you can have multiple sequencing runs (NCBI suggest to include
only one lane in each "run").

e Use the interactive submission interface on their web site:
http://trace.ncbi.nim.nih.qgov/Traces/sra_sub/sub.cgi?&m=submissions&s=default. = The
interactive submission interface allows tracking of your submissions and informs you
about errors in the submission process.

e Generate a set of XML files which hold all relevant data and submit them using ftp
or ascp (something similar to and faster than ftp). In anycases the actual sequencing data
are submitted via ftp or ascp.

e If you have just a few lanes of sequencing data we suggest using the interactive tool for
generation of the metadata and submission of your files. If you have large data sets we
provide help with the generation of XML files and the transfer via ascp.
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Quality Check (QC)

Introduction- QC

Next generation sequencing (NGS) technologies provide a high-throughput means to generate
large amount of sequence data. However, quality check (QC) of sequence data generated from
these technologies is extremely important for meaningful downstream analysis. Further, highly
efficient and fast processing tools are required to handle the large volume of datasets. Modern
high throughput sequencers can generate tens of millions of sequences in a single run. Before
analyzing this sequence to draw biological conclusions you should always perform some simple
quality control checks to ensure that the raw data looks good and there are no problems or biases
in your data which may affect how you can usefully use it.

Most sequencers will generate a QC report as part of their analysis pipeline, but this is usually
only focused on identifying problems which were generated by the sequencer itself. QC aims to
get a QC report which can spot problems which originate either in the sequencer or in the
starting library material.

After obtaining reads (Fast Q, Fast A) from sequencer machine, first step is to check for QC data

e Next generation high throughput sequencers generate huge amount of sequencing data
(100Mb to few GB’s).

e Quality check and primary analysis of raw sequence data is vital prior to the in-depth
analysis.

e QC and primary analysis of the huge sequencing data using ordinary methods /
machines is close to impossible.

Q C analysis using Tool:  FastQC

FastQC aims to provide a QC report which can spot problems which originate either in the
sequencer or in the starting library material. FasQC can be run in one of two modes. It can either
run as a standalone interactive application for the immediate analysis of small numbers of FastQ
files, or it can be run in a non-interactive mode where it would be suitable for integrating into a
larger analysis pipeline for the systematic processing of large numbers of files.

Indian Institute of Spices Research, Kozhikode 36



Next Generation Sequencing Data Analysis & Annotation March 12-16, 2013

Basic Operations
(i) Opening a Sequence file

To open one or more Sequence files interactively simply run the program and select File > Open.
You can then select the files you want to analyze.

Newly opened files will immediately appear in the set of tabs at the top of the screen. Because of
the size of these files it can take a couple of minutes to open them. FastQC operates a queuing
system where only one file is opened at a time, and new files will wait until existing files have
been processed.

FastQC supports files in the following formats

o FastQ (all quality encoding variants)

o CasavaFastQ files*

e ColorspaceFastQ

e GZip compressed FastQ

e SAM

« BAM

« SAM/BAM Mapped only (normally used for color space data)

* Casavafastq format is the same as regular fastq except that the data is usually split across
multiple files for a single sample. In this mode the program will merge the files in a sample
group and present a single report for each sample. Also Casavafastq files contain poor quality
sequences which have been flagged to be removed. In Casava mode the program will exclude
these flagged sequences from the report.

By default FastQC will try to guess the file format from the name of the input file. Anything
ending in .sam or .bam will be opened as a SAM/BAM file (using all sequences, mapped and
unmapped), and everything else will be treated as FastQ format. If you want to override this
detection and specify the file format manually then you can use the drop down file filter in the
file chooser to select the type of file you're going to load. You need to use the drop down selector
to make the program use the Mapped BAM or Casava file modes as these won't be selected
automatically.

(ii) Evaluating Results

The analysis in FastQC is performed by a series of analysis modules. The left hand side of the
main interactive display or the top of the HTML report show a summary of the modules which
were run, and a quick evaluation of whether the results of the module seem entirely normal
(green tick), slightly abnormal (orange triangle) or very unusual (red cross).
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It is important to stress that although the analysis results appear to give a pass/fail result, these
evaluations must be taken in the context of what you expect from your library. A 'normal’ sample
as far as FastQC is concerned is random and diverse. Some experiments may be expected to
produce libraries which are biased in particular ways. You should treat the summary evaluations
therefore as pointers to where you should concentrate your attention and understand why your
library may not look random and diverse.

(iii) Saving a Report

In addition to providing an interactive report FastQC also has the option to create an HTML
version of this report for a more permanent record. This HTML report can also be generated
directly by running FastQC in non-interactive mode. To create a report simply select File > Save
Report from the main menu. By default a report will be created using the name of the fastq file
with _fastqc.zip appended to the end. The report will be created for whichever file tab was active
when the menu option was selected. The report file which is created is actually a zip file. When
uncompressed this will create a folder with the same name as the report file. Inside this will be a
series of files, but the one to look at is the fastqc_report.html file which links to the other files in
the report.

Analysis modules

(i) Basic Statistics

The Basic Statistics module generates some simple composition statistics for the file analyzed.

o Filename: The original filename of the file which was analyzed

o File type: Says whether the file appeared to contain actual base calls or color space data
which had to be converted to base calls

e Encoding: Says which ASCII encoding of quality values was found in this file.

o Total Sequences: A count of the total number of sequences processed. There are two values
reported, actual and estimated. At the moment these will always be the same. In the future it
may be possible to analyze just a subset of sequences and estimate the total number, to speed
up the analysis, but since we have found that problematic sequences are not evenly
distributed through a file we have disabled this for now.

o Filtered Sequences: If running in Casava mode sequences flagged to be filtered will be
removed from all analyses. The number of such sequences removed will be reported here.
The total sequences count above will not include these filtered sequences and will the
number of sequences actually used for the rest of the analysis.

e Sequence Length: Provides the length of the shortest and longest sequence in the set. If all
sequences are the same length only one value is reported.

e %GC: The overall %GC of all bases in all sequence
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(ii) Per Base Sequence Quality

Quality scores across all bases (Ilumina >v1.3 encodingy
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This view shows an overview of the range of quality values across all bases
at each position in the FastQ file.

For each position a Box Whisker type plot is drawn. The elements of the plot are as follows:

e The central red line is the median value

o The yellow box represents the inter-quartile range (25-75%)

e The upper and lower whiskers represent the 10% and 90% points
e The blue line represents the mean quality

The y-axis on the graph shows the quality scores. The higher the score the better the base call.
The background of the graph divides the y axis into very good quality calls (green), calls of
reasonable quality (orange), and calls of poor quality (red). The quality of calls on most
platforms will degrade as the run progresses, so it is common to see base calls falling into the
orange area towards the end of a read. It should be mentioned that there are number of different
ways to encode a quality score in a Fast Q file. FastQC attempts to automatically determine
which encoding method was used, but in some very limited datasets it is possible that it will
guess this incorrectly (ironically only when your data is universally very good!). The title of the
graph will describe the encoding FastQC thinks your file used. A warning will be issued if the
lower quartile for any base is less than 10, or if the median for any base is less than 25.This
module will raise a failure if the lower quartile for any base is less than 5 or if the median for any

base is less than 20.
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(iii) Per Sequence Quality Scores

The per sequence quality score report allows you to see if a subset of your sequences have
universally low quality values. It is often the case that a subset of sequences will have
universally poor quality, often because they are poorly imaged (on the edge of the field of view
etc), however these should represent only a small percentage of the total sequences.

Quality score distribution over all sequences
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If a significant proportion of the sequences in a run have overall low quality then this could
indicate some kind of systematic problem - possibly with just part of the run (for example one
end of a flowcell). A warning is raised if the most frequently observed mean quality is below 27
- this equates to a 0.2% error rate. An error is raised if the most frequently observed mean quality
is below 20 - this equates to a 1% error rate.

(iv) Per Base Sequence Content

Per Base Sequence Content plots out the proportion of each base position in a file for which each
of the four normal DNA bases has been called.

Sequence content across all bases
100.0 a

%G
A

%C

40.0

30.0
20.0

10.0

0.0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Indian Institute of Spices Research, Kozhikode 40



Next Generation Sequencing Data Analysis & Annotation March 12-16, 2013

In a random library you would expect that there would be little to no difference between the
different bases of a sequence run, so the lines in this plot should run parallel with each other. The
relative amount of each base should reflect the overall amount of these bases in your genome,
but in any case they should not be hugely imbalanced from each other. If you see strong biases
which change in different bases then this usually indicates an overrepresented sequence which is
contaminating your library. A bias which is consistent across all bases either indicates that the
original library was sequence biased, or that there was a systematic problem during the
sequencing of the library. This module issues a warning if the difference between A and T, or G
and C is greater than 10% in any position. This module will fail if the difference between A and

T, or G and C is greater than 20% in any position.

(v) Per Base GC Content

Per Base GC Content plots out the GC content of each base position in a file. In a random library
you would expect that there would be little to no difference between the different bases of a
sequence run, so the line in this plot should run horizontally across the graph. The overall GC

content should reflect the GC content of the underlying genome.
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If you see a GC bias which changes in different bases then this could indicate an over presented
sequence which is contaminating your library. A bias which is consistent across all bases either
indicates that the original library was sequence biased, or that there was a systematic problem
during the sequencing of the library. This module issues a warning it the GC content of any base
strays more than 5% from the mean GC content. This module will fail if the GC content of any

base strays more than 10% from the mean GC content.
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(vi) Per Sequence GC Content

This module measures the GC content across the whole length of each sequence in a file and

compares it to a modeled normal distribution of GC content.

GC distribution over all sequences
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In a normal random library you would expect to see a roughly normal distribution of GC content
where the central peak corresponds to the overall GC content of the underlying genome. Since
we don't know the the GC content of the genome the modal GC content is calculated from the
observed data and used to build a reference distribution. An unusually shaped distribution could
indicate a contaminated library or some other kinds of biased subset. A normal distribution
which is shifted indicates some systematic bias which is independent of base position. If there is
a systematic bias which creates a shifted normal distribution then this won't be flagged as an
error by the module since it doesn't know what your genome's GC content should be. A warning
is raised if the sum of the deviations from the normal distribution represents more than 15% of
the reads. This module will indicate a failure if the sum of the deviations from the normal

distribution represents more than 30% of the reads.

(vii ) Per Base N Content

If a sequencer is unable to make a base call with sufficient confidence then it will normally
substitute an N rather than a conventional base call. This module plots out the percentage of base

calls at each position for which an N was called.

Indian Institute of Spices Research, Kozhikode 42



Next Generation Sequencing Data Analysis & Annotation March 12-16, 2013

It's not unusual to see a very low proportion of Ns appearing in a sequence, especially nearer the
end of a sequence. However, if this proportion rises above a few percent it suggests that the
analysis pipeline was unable to interpret the data well enough to make valid base calls. This
module raises a warning if any position shows an N content of >5%. This module will raise an
error if any position shows an N content of >20%.

(viii) Sequence Length Distribution

Some high throughput sequencers generate sequence fragments of uniform length, but others can
contain reads of wildly varying lengths. Even within uniform length libraries some pipelines will
trim sequences to remove poor quality base calls from the end. This module generates a graph
showing the distribution of fragment sizes in the file which was analyzed. In many cases this will
produce a simple graph showing a peak only at one size, but for variable length FastQ files this
will show the relative amounts of each different size of sequence fragment. This module will
raise a warning if all sequences are not the same length. This module will raise an error if any of
the sequences have zero length.

Distribution of sequence lengths over all sequences
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(ix) Duplicate Sequences

In a diverse library most sequences will occur only once in the final set. A low level of
duplication may indicate a very high level of coverage of the target sequence, but a high level of
duplication is more likely to indicate some kind of enrichment bias (eg PCR over amplification).
This module counts the degree of duplication for every sequence in the set and creates a plot
showing the relative number of sequences with different degrees of duplication.

100.0 Sequence Duplication Level >= 38.4%

%Duplicate relative to unigue

0.0

Sequence Duplication Level

To cut down on the memory requirements for this module only sequences which occur in the
first 200,000 sequences in each file are analyzed, but this should be enough to get a good
impression for the duplication levels in the whole file. Each sequence is tracked to the end of the
file to give a representative count of the overall duplication level. To cut down on the amount of
information in the final plot any sequences with more than 10 duplicates are placed into the 10
duplicates category - so it's not unusual to see a small rise in this final category. If you see a big
rise in this final category then it means you have a large number of sequences with very high
levels of duplication. Because the duplication detection requires an exact sequence match over
the whole length of the sequence any reads over 75bp in length are truncated to 50bp for the
purposes of this analysis. Even so, longer reads are more likely to contain sequencing errors
which will artificially increase the observed diversity and will tend to under represent highly
duplicated sequences.This module will issue a warning if non-unique sequences make up more
than 20% of the total. This module will issue an error if non-unique sequences make up more
than 50% of the total.

(x) Overrepresented Sequences

A normal high-throughput library will contain a diverse set of sequences, with no individual
sequence making up a tiny fraction of the whole. Finding that a single sequence is very
overrepresented in the set either means that it is highly biologically significant, or indicates that
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the library is contaminated, or not as diverse as you expected. This module lists all of the
sequence which makes up more than 0.1% of the total. To conserve memory only sequences
which appear in the first 200,000 sequences are tracked to the end of the file. It is therefore
possible that a sequence which is overrepresented but doesn't appear at the start of the file for
some reason could be missed by this module. For each overrepresented sequence the program
will look for matches in a database of common contaminants and will report the best hit it finds.
Hits must be at least 20bp in length and have no more than 1 mismatch. Finding a hit doesn't
necessarily mean that this is the source of the contamination, but may point you in the right
direction. Because the duplication detection requires an exact sequence match over the whole
length of the sequence any reads over 75bp in length are truncated to 50bp for the purposes of
this analysis. Even so, longer reads are more likely to contain sequencing errors which will
artificially increase the observed diversity and will tend to under represent highly duplicated
sequences. This module will issue a warning if any sequence is found to represent more than
0.1% of the total. This module will issue an error if any sequence is found to represent more than
1% of the total.

(xi) Over represented K-mers

The analysis of overrepresented sequences will spot an increase in any exactly duplicated

sequences, but there is a different subset of problems where it will not work.

o If you have very long sequences with poor sequence quality then random sequencing
errors will dramatically reduce the counts for exactly duplicated sequences.

« If you have a partial sequence which is appearing at a variety of places within your
sequence then this won't be seen either by the per base content plot or the duplicate

sequence analysis.

This module counts the enrichment of every 5-mer within the sequence library. It calculates an
expected level at which this k-mer should have been seen based on the base content of the library
as a whole and then uses the actual count to calculate an observed/expected ratio for that k-mer.

In addition to reporting a list of hits it will draw a graph for the top 6 hits to show the pattern of
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enrichment of that Kmer across the length of your reads. This will show if you have a general

enrichment, or if there is a pattern of bias at different points over your read length.
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Any k-mer showing more than a 3 fold overall enrichment or a 5 fold enrichment at any given
base position will be reported by this module. To allow this module to run in a reasonable time
only 20% of the whole library is analyzed and the results are extrapolated to the rest of the
library. This module will issue a warning if any k-mer is enriched more than 3 fold overall, or
more than 5 fold at any individual position. This module will issue an error if any k-mer is

enriched more than 10 fold at any individual base position.

Practical

QC analysis using Tool: FastQC
Load the whole genome sequence read data to the software to analyze and save results.

QC analysis using NGSQCToolkit_v2.3

Run perl script using terminal, within the folder containing whole genome sequencing read data,
and analyze the result. This tool performs quality check and filtering of the sequencing data
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generated using lllumina technology and 454 reads. Input to this tool is FASTQ files containing
read and corresponding quality scores. The tool helps to understand detailed QC statistics of the

complete reads as below.

| NGS QC Toolkit |

|
. ; ! .

[ Quality ] [ — ] { Format ] [ Statistics ]

Control Conversion

v v v ¥
AverageQuali
lluac asaqc geQuality
Qc of llumina QcC of Roche 454

N505tat
Calculation of various
statistics for sequences
in FASTA format

Calculation of
data data

average quality

score for each read
in FASTA file
HomoPolymerTrimming
Trimming of reads at 3’ end
from the homopolymer of user
specified length

| ! ' !

TrimmingReads
Trimming of reads
from the ends

FastqTo454 FastqToFasta SangerFastqTollluFastg SolexaFastqTollluFastg
Separation of sequence Conversion of Conversion of read quality Conversion of read quality
and read quality from FASTQ file to encading from Sanger to encoding from Solexa to
FASTQ file in different files FASTA format Illumina variant (FASTQ file) llurnina variant (FASTQ file)
Tools in NGS QC toolkit
(i) QC
o 1uQC.pl: Tool for quality control of sequencing data generated using Illumina platform
(FASTQ format)

e 1luQC_PRLL.pl: This tool has the same functionality as I1luQC.pl. However, it provides
an additional option to use multiple CPUs to speed up the analysis

e 454QC.pl: Tool for quality control of sequencing data generated using 454 platform (read
and quality in FASTA format)

e 454QC_PRLL.pl: Tool performs same quality control analysis as 454QC.pl and helps to
analyze data using multiple CPUs

e 454QC _PE.pl: Tool for quality control of paired-end sequencing data generated using
454 platform (read and quality in FASTA format)

(if) Format-converter

e SangerFastqTollluFastg.pl: To convert fastg-sanger variant to fastg-illumina variant of

FASTQ format
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e SolexaFastqTollluFastq.pl: To convert fastg-solexa variant to fastg-illumina variant of
FASTQ format

e FastqTo454.pl: To convert FASTQ format (any variant) to 454 format (two files in
FASTA format: one for reads/sequences (.fna) and another for quality (.qual))

e FastqToFasta.pl: To convert FASTQ format file to FASTA format file for

reads/sequences
(iii) Trimming
e TrimmingReads.pl: Tool for trimming reads from 5” and/or 3’ end of the read (FASTQ or
FASTA format)

e HomoPolymerTrimming.pl: Tool for trimming 3’ end of the reads from the first base of
homopolymer of given length

e AmbiguityFiltering.pl: Tool for filtering reads containing ambiguous bases or trimming
flanking ambiguous bases

(iv) Statistics

e AvgQuality.pl: Tool to calculate average quality score for each read and overall quality
score for the given FASTA quality file

e N50Stat.pl: Tool to generate statistics for read/sequence data given in FASTA format

Running Illu QC.pl

IHIuQC.pl: This tool performs quality check and filtering of the sequencing data generated
using lllumina technology. Input to this tool is FASTQ files (any variant) containing read and
corresponding quality scores. Following are the options available with 1HuQC.pl

Usage: perl IluQC.pl <options>

Perl IluQC.pl readl.fastq read2.fastq 2 A

Paired End reads

-pe <Forward reads file> <Reverse reads file> <Primer/Adaptor library>
<FASTQ variant>

Paired-end read files (FASTQ) with primer/adaptor library and FASTQ
variant FAST

LI T | R T ()

User may choose from the provided primer/adaptor library or can
give a file containing primer/adaptor sequences, one per line.
Multiple libraries can be given using multiple '-pe' options
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Foreg.: -perl.fqr2.fq31-petl.fqt2.fg2 A

Singe End reads

-se <Reads file> <Primer/Adaptor library> <FASTQ variant>

Single-end read file (FASTQ) with primer/adaptor library and FASTQ variant
Multiple libraries can be given using multiple '-se' options

Foreg..-serl.fq32-set2.fq22

Output: luQC.pl generates statistics for quality check and filtering steps along with quality of
input and high-quality filtered data in the form of text files and graphs. The sample output graphs
showing the average quality score at each base position (A), GC content distribution (B), average
quality distribution (C) and base composition (D) for input and filtered reads. (E) percentage of
reads for different quality score ranges at each base position. The pie chart with summary of
quality control analysis (F).
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| FastgqToFasta.pl: It exports reads/sequences from the FASTQ file to the FASTA
format file. Following are the options available with the tool.

Hh
t
i

Trimming Tools

TrimmingReads.pl: This tool trims the reads/sequences and their quality scores (in case of
FASTQ file) in two ways. First, it trims fixed (user-specified) number of bases from 5’ and/or 3’
end of the reads and corresponding qualities from the input FASTQ file. Second, it trims low
quality bases from 3’ end of the read using user-defined threshold value of quality score. Input to
this tool is either FASTQ or FASTA format file. Options are provided to specify the number of

bases to be trimmed and the quality threshold for quality based trimming.
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Statistics Tools
AvgQuality.pl: Tool calculates average quality score for each read and overall average quality
score for the given file. This tool takes a quality file in FASTA format as an input.
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N50Stat.pl: This tool calculates different statistics for read file given in FASTA format. It
calculates total number of reads/sequences, total and individual (A,T,C,G and N) number of
bases, G+C and A+T counts, and minimum, maximum, average, median, N25, N50, N75, N90
and N95 read/sequence length. Following are the options provided for this tool.

]

Output: QC statistics

o File name 98-93454AllContigs.fna

e Total number of reads 9831

¢ Total number of trimmed reads containing homopolymer 0
e Total number of trashed reads (<100 bp in length after
trimming) 0

e Total number of low quality reads (excluding <100 reads) 0
o Total number of HQ reads 9831

o Percentage of HQ reads 100.00%

o Total number of bases 39869019

¢ Total number of bases in HQ reads 39869019

o Total number of HQ bases in HQ reads 39753807

o Percentage of HQ bases in HQ reads 99.71%

e Number of Primer/Adaptor trimmed reads NA

o Total number of HQ filtered reads 9831

o Percentage of HQ filtered reads 100.00%

Further Reading

Detailed QC statistics

o File name 98-93454AlIContigs.fna_filtered
e Total number of reads 9831 9831

e Minimum read length 100 100

e Maximum read length 180159 180159

e Auverage read length 4055.44 4055.44

e Median read length 903 903

e N25 length 36897 36897

e NB50 length 17867 17867

e N75 length 5960 5960

e N90 length 2000 2000

e NO5 length 1006 1006

e Total number of bases 39869019 39869019
e Total number of HQ bases 39753807 39753807
e Percentage of HQ bases 99.71% 99.71%

e Auverage quality score (Overall) 63.39 63.39

1. Patel RK, Jain M (2012). NGS QC Toolkit: A toolkit for quality control of next generation

sequencing data. PLoS ONE, 7(2): e30619.
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Chapter 3
Insights in to NGS Data Analysis

Ashwani Kumar Mishra & Rakesh Kumar Maurya

Genome Sequencing is only the beginning. Further analysis are necessary to convert raw
sequence data into understanding of functional biology. Various NGS platforms in the market
such as Illumina, SOLID, and Roche, offer unprecedented ability to apply massively parallel
sequencing of transcriptomic (RNA) and genomic (DNA) samples to understand disease and
health . The enormous data pose a fundamental problem of management and analysis. First,
errors in the original raw data from multiple platforms and diverse applications must be checked.
Then, as computational methods for assembly, alignment, and variation detection continue to
advance, a broad range of genetic analysis applications including: comparative genomics, high-
throughput polymorphism detection, analysis of coding and non-coding RNAs, and identifying

mutant genes in disease pathways can be addressed.

Experience the power of High Throughput SNP Genotyping services at affordable prices on
India’s first Fluidigm EP1 platform only at NxGenBio Life Sciences.

Practical

NGS Data Analysis — Quality check & Assembly
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Chapter 4
Genome Alignment, Assembly & Variant Analysis

Rosana O. Babu

Introduction

In bioinformatics, sequence assembly refers to aligning and merging fragments of a much longer
DNA sequence in order to reconstruct the original order of the sequence. Genome assembly is
simply putting sequenced fragments of DNA into their correct chromosomal positions. This is
needed as DNA sequencing technology cannot read whole genomes in one go, but rather reads
small pieces of between 20 and 1000 bases, depending on the technology used. Typically the
short fragments, called reads, result from sequencing genomic DNA, or gene transcript (ESTS). It
is the process of taking a large number of short DNA sequences and putting them back together
to create a representation of the original chromosomes from which the DNA originated. In a
shotgun sequencing project, the entire DNA from a source (usually a single organism, anything
from a bacterium to a mammal) is first fractured into millions of small pieces. These pieces are
then "read" by automated sequencing machines, which can read up to 1000 nucleotides or bases
at a time. (The four bases are adenine, guanine, cytosine, and thymine, represented as AGCT.) A
genome assembly algorithm works by taking all the pieces and aligning them to one another, and
detecting all places where two of the short sequences, or reads, overlap. These overlapping reads

can be merged, and the process continues.

Genome assembly is a very difficult computational problem, made more difficult because many
genomes contain large numbers of identical sequences, known as repeats. These repeats can be
thousands of nucleotides long, and some occur in thousands of different locations, especially in
the large genomes of plants and animals. The resulting (draft) genome sequence is produced by
combining the information sequenced contigs and then employing linking information to create
scaffolds. Scaffolds are positioned along the physical map of the chromosomes creating a

"golden path".

To assemble a genome, computer programs typically use data consisting of single and paired

reads. Single reads are simply the short sequenced fragments themselves; they can be joined up
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through overlapping regions into a continuous sequence known as a 'contig'. Repetitive
sequences, polymorphisms, missing data and mistakes eventually limit the length of the contigs

that assemblers can build.

1. Fragment DNA and sequence

S TR
s N o menen N
e e S [

2. Find overlaps between reads
. AGCCTAGACCTACA
CGCATATCCGET...

3. Assemble overlaps into contigs
o-—+0—0—0—0—0—0 >0
ﬁ"ﬂ l \‘a
L —

. Tag

4, Assemble contigs into scaffolds

ol bl

Genome assembly stitches together a genome
from shont sequenced pieces of DMNA

Given a set of sequence fragments the object is to find the shortest common super sequence.

calculate pairwise alignments of all fragments
choose two fragments with the largest overlap
merge chosen fragments

repeat step 2. and 3. until only one fragment is left

o M L N

Paired reads typically are about the same length as single reads, but they come from

either end of DNA fragments that are too long to be sequenced straight through.
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Depending on the preparation technique, that distance can be as short as 200 base pairs or
as large as several tens of kilobases. Knowing that paired reads were generated from the
same piece of DNA can help link contigs into 'scaffolds’, ordered assemblies of contigs
with gaps in between. Paired-read data can also indicate the size of repetitive regions and

how far apart contigs are.

Genome Assemblers

The first sequence assemblers began to appear in the late 1980s and early 1990s as variants of
simpler sequence alignment programs to piece together vast quantities of fragments generated by
automated sequencing instruments called DNA sequencers. Originally, most large-scale DNA
sequencing centers developed their own software for assembling the sequences that they
produced. However, this has changed as the software has grown more complex and as the
number of sequencing centers has increased. An example of such assembler Short
Oligonucleotide Analysis Package developed by BGI for de novo assembly of human-sized
genomes, alignment, SNP detection, resequencing, indel finding, and structural variation
analysis. As the sequenced organisms grew in size and complexity from small viruses over
plasmids to bacteria and finally eukaryotes, the assembly programs used in these genome

projects needed to increasingly employ more and more sophisticated strategies to handle:

o Terabytes of sequencing data which need processing on computing clusters;

« Identical and nearly identical sequences (known as repeats) which can, in the worst case,
increase the time and space complexity of algorithms exponentially;

« Errors in the fragments from the sequencing instruments, which can confound assembly.

De-novo vs. mapping (reference) assembly
In sequence assembly, two different types can be distinguished:

e De-novo: assembling short reads to create full-length (sometimes novel) sequences.
Overlapping reads are presumed to be from the same area of the genome, for de-

novo assembly, read depth should be more.
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e Mapping or Reference: assembling reads against an existing backbone sequence taken
as reference, building a sequence that is similar but not necessarily identical to the backbone
sequence. Combines all sequencing reads into contigs based on sequence similarity between

reads and reference.

In terms of complexity and time requirements, de-novo assemblies are orders of magnitude
slower and more memory intensive than mapping assemblies. This is mostly due to the fact that
the assembly algorithm needs to compare every read with every other read (an operation that has
a complexity of O (n?) but can be reduced to O(n log(n)). Referring to the comparison drawn to
shredded books in the introduction: while for mapping assemblies one would have a very similar
book as template (perhaps with the names of the main characters and a few locations changed),
the de-novo assemblies are more hardcore in a sense as one would not know beforehand whether

this would become a science book, or a novel, or a catalogue etc.

Reference Assembly

One of the most complex and computationally intensive tasks of genome sequence analysis is
genome assembly. Even today, few centers have the resources, in both software and hardware, to
assemble a genome from the thousands or millions of individual sequences generated in a whole-
genome shotgun sequencing project. With the rapid growth in the number of sequenced genomes
has come an increase in the number of organisms for which two or more closely related species
have been sequenced. This has created the possibility of building a comparative genome
assembly algorithm, which can assemble a newly sequenced genome by mapping it onto a
reference genome. Reference assisted assembly requires the use of a reference sequence, as a
model, to assist in the assembly of the novel genome. The standard method for identifying the
best reference sequence for the assembly of a novel genome aims at counting the number of
reads that align to the reference sequence, and then choosing the reference sequence which has

the highest number of reads aligning to it.
De novo assembly
A new generation of sequencing technologies is revolutionizing molecular biology. Illumina's

Solexa and Applied Biosystems' SOLID generate gigabases of nucleotide sequence per week.

However, a perceived limitation of these ultra-high-throughput technologies is their short read-
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lengths. De novo assembly of sequence reads generated by classical Sanger capillary sequencing
is a mature field of research. Unfortunately, the existing sequence assembly programs were not
effective for short sequence reads generated by Illumina and SOLID platforms. Early studies
suggested that, in principle, sequence reads as short as 20-30 nucleotides could be used to
generate useful assemblies of both prokaryotic and eukaryotic genome sequences, albeit
containing many gaps. The early feasibility studies and proofs of principle inspired several
bioinformatics research groups to implement new algorithms as freely available software tools
specifically aimed at assembling reads of 30-50 nucleotides in length. This has led to the
generation of several draft genome sequences based exclusively on short sequence Illumina
sequence reads, recently culminating in the assembly of the 2.25-Gb genome of the giant panda

from Illumina sequence reads with an average length of just 52 nucleotides.

Velvet is a novel set of de Bruijn graph-based sequence assembly methods for very short reads
that can both remove errors and, in the presence of read pair information, resolve a large number
of repeats. With unpaired reads, the assembly is broken when there is a repeat longer than the k-
mer length. With the addition of short reads in read pair format, many of these repeats can be
resolved, leading to assemblies similar to draft status in bacteria and reasonably long (~5 kb)
SCSCs in eukaryotic genomes. Velvet can convert high-coverage very short reads into
reasonably sized contigs with no additional information. With additional paired read information
to resolve small repeats, almost complete genomes can be assembled. We believe the Velvet
framework will provide a rich set of different algorithmic options tailored to different tasks and

thus provide a platform for cheap de novo sequence assemblies, eventually for all genomes.

Assessing Assembly Quality

Common measures of quality are:

e number and sizes of contigs

e Assumption: few large contigs is better than many small contigs.

e True because there are fewer gaps in the former, but, does not account for the possibility
of misassembling.
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Tools/ Software’s for assembly

o TIGR Assembler
e Velvet (Denovo)
o Maq (Reference)

e Reference assembly& Alignment using BWA tool and Visualization of alignment using
SAM

Applications of Genome assembly

e Generating and interpreting alignment status and reports
e Genome variation calling (finding SNP's, indels)
e Variation annotation and Viewing

Practical

(i) Genome Alignment & Assembly with reference using MAQ tool

Magq is a software that builds mapping assemblies from short reads generated by the next-
generation sequencing machines. It is particularly designed for Illumina-Solexa 1G Genetic
Analyzer, and has preliminary functions to handle ABI SOLID data.

Magq first aligns reads to reference sequences and then calls the consensus. At the mapping stage,
mag performs ungapped alignment. For single-end reads, maq is able to find all hits with up to 2
or 3 mismatches, depending on a command-line option; for paired-end reads, it always finds all
paired hits with one of the two reads containing up to 1 mismatch. At the assembling stage, maq
calls the consensus based on a statistical model. It calls the base which maximizes the posterior
probability and calculates a phred quality at each position along the consensus. Heterozygotes
are also called in this process.
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Maq Workflow

Mapass2 Work Flow
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MAQ Procedure

Convert the reference sequences to the binary fasta format
maq fasta2bfa reference.fasta reference.bfa

Convert the readsl to the binary fastq format
maq fastg2bfq pairedfilteredl.fastq pairedfilteredl.bfq

Convert the reads2 to the binary fastq format
maq fastg2bfq pairedfiltered2.fastq pairedfiltered2.bfq

Align the reads to the reference
magq match pairedfilteredl.map reference.bfa pairedfiltered1.bfq
maq match pairedfiltered2.map reference.bfa pairedfiltered2.bfq
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e Merge a batch of read alignments together.
maqg mapmerge out.aln.map pairedfiltered1l.map pairedfiltered2.map

e Statistics from the alignment
maq mapcheck reference.bfa pairedfiltered1l.map >>mapcheckl.txt
maq mapcheck reference.bfa pairedfiltered2.map >>mapcheck2.txt
mag mapcheck reference.bfa out.aln.map >>mapcheckmerged.txt

e Build the mapping assembly (writing consensus of sequences without variations)
mag assemble consensus.cns reference.bfa pairedfiltered1l.map >>assemble.log
magq assemble consensus.cns reference.bfa pairedfiltered2.map >>assemble.log
mag assemble consensus.cns reference.bfa out.aln.map >>assemble_merged.log

e Extract consensus sequences and qualities
mag cns2fq consensus.cns >>cns.fq

e Extract list of SNPs
mag cns2snp consensus.cns >>cns.snp

e Extract list of InDels
magq indelpe reference.bfa out.aln.map >> cns.indelpe

e Show detailed information at all sites. The output format is identical to cns2snp
report.
magq cns2view consensus.cns > >out.view

MAQ Output

Several files will be generated by the commands. Endusers may be interested in these ones:

cns.fq Consensus sequences and their qualities
cns.snp List of SNPs (format described in the reference manual).
assemble.log Statistics about the coverage and SNPs
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Genome variation calling (finding SNP's, indels)

Variation annotation & Analysis

e Download reference structural annotation file in gff format

e Edit the Mapping_of Variants_to_Genes.pl with corresponding name of SNP file
and gff file

e Keep the Mapping_of Variants_to_Genes.pl, consensus.fasta, structural
annotation file in gff format in single folder and Run script

USAGE: perl Mapping_of Variants_to_Genes.pl > variation_annotation.txt

e Open the variation_annotation.txt to see annotations

Further Reading

1. Michael C. Schatz, Arthur L. Delcher, and Steven L. Salzberg 2010. Assembly of large genomes
using second-generation sequencing. Genome Res. 20: 1165-1173

2. Butler J, MacCallum I, Kleber M, Shlyakhter 1A, Belmonte MK, Lander ES, Nusbaum C, Jaffe
DB. 2008. ALLPATHS: De novo assembly of whole-genome shotgun microreads. Genome Res
18: 810-820.

3. Jaffe DB, Butler J, Gnerre S, Mauceli E, Lindblad-Toh K, Mesirov JP, Zody MC, Lander ES.
2003. Whole-genome sequence assembly for mammalian genomes: Arachne 2. Genome Res 13:
91-96.
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Chapters
Structural & Functional Annotation

Rosana O. B.

Introduction

Obtaining the sequence from whole genome sequencing and assembling is not the end of a
genome project, however finding and attaching the structural elements and its related function
are the next major steps, which are called “Genome Annotation”. The process of identifying the
locations of genes and all of the coding regions in a genome and determining what those genes
do. An annotation (irrespective of the context) is a note added by way of explanation or
commentary. Once a genome is sequenced, it needs to be annotated to make sense of it.
Annotation is the process of adding pertinent information about the raw DNA sequences to the
genome or process of attaching biological information to DNA or Protein sequences by
describing different regions of the code and identifying which regions can be called genes and
thereby its products and functions. This include spotting locations of genes, total number of
genes, coding regions, intron-exon structure, start and stop codons, intron lengths, alternative
splicing, SNP’s, InDels and untranslated regions (UTRs) as well as and determining what those
genes do along with the gene product and functional information. Once a genome is sequenced,
it needs to be annotated to make sense of it. With many genomes now sequenced, computational
annotation methods to characterize genes and proteins from their sequence are increasingly
important. It consists of two main steps:

e ldentifying elements on the genome- gene structure prediction
e Attaching biological information to these elements- gene function prediction

There are various parts within the gene with different functions, some may code for protein,
others may contain regulatory information, some may form introns and will not be translated and
their function is still unclear. The diagram shown below represents fragment of DNA, with single
hypothetical gene. Each region has to be annotated from DNA sequences based on similarity
searches or literature reviews.

S/MAR Enhancer Promoter Exons/Introns Repeats S/MAR

Obviously computer programs are essential to this process; however, human brains are often
required to evaluate computer-generated gene models. Several Automatic annotation tools are
available that are highly accurate. Annotation tools can perform all this by computer analysis, as
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opposed to manual annotation which involves human expertise. Ideally, these approaches co-
exist and complement each other in the same annotation pipeline.

The basic level of annotation uses BLAST for finding similarities, and then annotating genomes
based on that. However, much additional information is available to annotation platform
nowadays. Some databases use genome context information, similarity scores, experimental data,
and integrations of other resources to provide genome annotations through their Subsystems
approach. Other databases such as Ensemble rely on both curated data sources as well as a range
of different software tools in their automated genome annotation pipeline.

Annotation Methods

e Ab-Initio - Statistics-based methods
e Homology based methods

The first hurdle for any functional annotation process is to define ‘function’. In general however,
the problem is multi-dimensional: a protein can have a molecular function, a cellular role, and be
part of a functional complex or pathway (these are the distinctions used in the Gene Ontology.
Furthermore, certain aspects of molecular function can be illustrated by multiple descriptive
levels (for example, the coarse 'enzyme' category versus a more specific ‘protease’ assignment).
Even the more detailed definition would not reveal the cellular role of the protein (apoptosis,
metabolism, blood coagulation, and so on). Most function-prediction methods, both sequence
and structure based, rely on inferring relationships between proteins that permit the transfer of
functional annotations and binding specificities from one to the other. A notable challenge here
is deciphering the connection between the detected similarities (structural or in sequence) and the
actual level of functional relatedness. Function is often associated with domains, and another
problem is the identification of functional domains from sequence alone. The accuracy of current
methods for predicting domain boundaries is not yet completely satisfactory. Several methods
provide reliable predictions if a structural template for the protein is available, but when this is
not the case, one is left with the problem of whether the experimental annotation used for the
inference refers to the same domain for which the sequence similarity/motif is established.

The function of a protein can also be inferred from its evolutionary relationship with proteins of
known function, provided that the relationship is properly inspected. Orthologous proteins in
different species most often share function, but paralogy (that is, divergence following
duplication of the original gene) does not guarantee common function. Distinguishing between
orthology and paralogy can be attempted on the basis of observed sequence-similarity patterns,
by analyzing the specific conservation pattern of residues responsible for function in the family,
or on the basis of the protein structure (either experimentally determined or modeled). In all
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cases, this requires the clustering of proteins into evolutionary families, which can be achieved
using similarity-detection tools such as BLAST or profiling tools based on multiple sequence
alignments, for example, PSI-BLAST. Several available resources provide pre-compiled family
assignments for proteins on a genomic scale, based only on their sequence. Resources can be
subdivided into those that consider full-length sequences and those based on domains or motifs
that map to certain sub-sequences. In both cases, the degree of granularity of the classification is
important, as this is related to the level of functional features that a group of proteins is expected
to share.

The accuracy of sequence-based methods is affected by the type and amount of information
on the specific protein family but, overall, they seem to be reasonably accurate. Their success
rate has been shown to be greater than 70% when tested on a limited dataset (all structures
solved by the Midwest Center for Structural Genomics during the first five years of the
Protein Structure Initiative)

Structural & Functional Genome Annotation

Structural annotation consists of the identification of genomic elements.

e Open reading frame and their localization
o Gene structure

e Coding regions

o Location of regulatory motifs

Functional annotation consists of attaching biological information to genomic elements.

« Biochemical function

« Biological function

e Involved regulation and interactions
o Expression

These steps may involve both biological experiments and in-silico analysis. A variety of software
tools have been developed to permit scientists to view and share genome annotations.

e Structural annotation for prokaryotes & eukaryotes —- PRODIGAL & AUGUSTUS
e Functional annotation (based gene level homology and protein level homology)
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Practical

Structural Annotation

1. Eukaryotes- AUGUSTUS (Gene structural prediction with a genome model)

AUGUSTUS is used in many genome annotation projects. Accuracy measure use sensitivity (Sn)
and specificity (Sp) for a feature (coding base, exon, transcript, gene); the sensitivity is defined as
the number of correctly predicted features divided by the number of annotated features. The
specificity is the number of correctly predicted features divided by the number of predicted
features. A predicted exon is considered correct if both splice sites are at the annotated position
of an exon. A predicted transcript is considered correct if all exons are correctly predicted and no
additional exons not in the annotation. A predicted gene is considered correct if any of its
transcripts are correct, i.e. if at least one isoform of the gene is exactly as annotated in the

reference annotation.

Usage:

~[Programs/augustus.2.5.5/binfaugustus ~ -strand=both  -genemodel=partial = -
singlestrand=true --alternatives-from-evidence=true --alternatives-from-sampling=true --
progress=true —-gff3=on —uniqueGeneld=true —-species=magnaporthe_grisea
Input_genome.fasta > structural_annotation.gff

2. Prokaryotes - PRODIGAL

Prodigal (Prokaryotic Dynamic Programming Genefinding Algorithm) is a microbial (bacterial and
archaeal) gene finding program. Prodigal is an extremely fast gene recognition tool (written in very
vanilla C). It can analyze an entire microbial genome in 30 seconds or less. Prodigal is a highly
accurate gene finder. It correctly locates the 3' end of every gene in the experimentally verified
Ecogene data set (except those containing introns). It possesses a very sophisticated ribosomal
binding site scoring system that enables it to locate the translation initiation site with great
accuracy (96% of the 5' ends in the Ecogene data set are located correctly). Prodigal's false
positive rate compares favorably with other gene identification programs, and usually falls under

5%. Prodigal performs well even in high GC genomes, with over a 90% perfect match (5'+3") to
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the Pseudomonas aeruginosa curated annotations. Prodigal can run in metagenomic mode and
analyze sequences even when the organism is unknown. Prodigal can be run in one step on a
single genomic sequence or on a draft genome containing many sequences. It does not need to be
supplied with any knowledge of the organism, as it learns all the properties it needs to on its

own. Prodigal source code is freely available under the General Public License.

Usage:
~[Programs/prodigal.v2_60.linux -a protein_file.fa-g 11 -d nucleotide_exon_seq.fa

-f gff -i contigs.fa -0 genes_quality.txt -s genes_score.txt -t genome_training_file.txt

Functional Annotation

Steps for functional annotation

Functional annotation requires creating database for homology searches. First download
complete swissprot database and Complete NCBI and setup database for homology search using
following commands.

Run separately each command for nucleotide and protein

1. setup blast database for nucleotide

formatdb -i ncbi.fasta -p F -o F -n database1

2. setup blast database for protein
formatdb -i uniprot_sprot.fasta-p T -o F -n database2
3. Blasting the annotations
(1) For nucleotide
blastall -p blastn -i sequence.fasta -d database1-a 2-m 8 -0 blast_result_nucleotide.txt
(i) For Protein
blastall -p blastx -i contigs.fa -d database2 -a 2-m 8 -0 blast_result_protein.txt
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4. Sorting for blast min E-value
(1) For nucleotide

sort -k 1,1-k 11,11g blast_result.txt > sorted _blast_result_nucleotide.txt
(ii) For Protein

sort -k 1,1-k 11,11g blast_resul_prot.txt > sorted blast result_protein.txt

5. Further filtering for best blast hit
(1) For nucleotide

awk '{if($1!=id){print};id=$1}' sorted blast_result_nucleotide.txt>best blast_result1.txt
(ii) For Protein

awk '{if($1!=id){print};id=$1}' sorted_blast _result_protein.txt>best blast_result2.txt

Further Reading

1. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolinski K, Dwight
SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, Kasarskis A, Lewis S, Matese JC, Richardson
JE, Ringwald M, Rubin GM, Sherlock G: Gene ontology: tool for the unification of biology. The
Gene Ontology Consortium. Nat Genet 2000, 25:25-29.

2. Tress M, Cheng J, Baldi P, Joo K, Lee J, Seo JH, Lee J, Baker D, Chivian D, Kim D, Ezkurdia I:
Assessment of predictions submitted for the CASP7 domain prediction category.Proteins 2007,
69(Suppl 8):137-151.

3. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment search tool. J
MolBiol 1990, 215:403-410.

4. Watson JD, Sanderson S, Ezersky A, Savchenko A, Edwards A, Orengo C, Joachimiak A,
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structural genomics: a case study. J MolBiol 2007, 367:1511-1522.
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Chapter 6

Plant Transcriptome Mapping
Dr. D. Prasath & Rosana O. Babu

Introduction

The transcriptome encompasses the set of transcripts from a cell or a population of cells, which
include protein-coding mRNAs and non-coding small RNAs (e.g. ribosomal, tRNA, miRNA).
Traditionally, transcriptome profiling, or transcriptomics, has focused on quantifying gene
expression. With the advent of Ultra high-throughput sequencing (UHTS) technologies, it is now
possible to obtain highly resolved structural information of RNA populations on a high-
throughput platform. This includes mapping transcript initiation and termination sites, splice
junctions and post-transcriptional modifications. Such information will lead to a better
understanding of the functional elements within the genome and the discovery of novel
developmental or environmental regulatory networks.

EST sequencing has traditionally been the core technology used for the discovery of reference
transcripts. However, it has some inherent limitations, such as low throughput, high cost and a
long experimental cycle. In recent years, researchers have developed a high-throughput
sequencing technology called Next Generation Sequencing (NGS). Various platforms utilize
NGS, such as the Illumina Genome Analyzer, the Roche/454 Genome Sequencer FLX
Instrument, and the ABI SOLID System; these have proven to be powerful and cost-effective
tools for advanced research in many areas, including genome sequencing, genome resequencing,
miRNA expression profiling, DNA methylation analysis, and especially the de novo
transcriptome sequencing of non-model organisms. This method of transcriptome analysis is fast
and simple because it does not require bacterial cloning of the cDNAs. Instead, direct cDNA
sequencing generates an extraordinary depth of short reads. It is a more comprehensive and
efficient way to measure transcriptome composition, obtain RNA expression patterns, and
discover new genes. In addition, this approach is very sensitive, and thus allows the detection of
low-abundance transcripts. Illumina genome analyzer based sequencing technology (lllumina,
USA) yields huge amount of short reads with high coverage. Assembling such short reads is a
challenging task, more so in the absence of reference sequences. A few bioinformatics tools have
been developed for de novo assembly using short-read sequence data which vary in their success
and application, and depends upon data specific strategies.

RNA sequencing
RNA-seq refers to the deep-sequencing of RNA pools. While UHTS often refers to deep

sequencing of MRNAs, any RNA population can be analyzed. Two methods are typically used to
capture and sequence RNA pools. In both methods mMRNA pools are enriched by capturing the

Indian Institute of Spices Research, Kozhikode 70



Next Generation Sequencing Data Analysis & Annotation March 12-16, 2013

molecules through the polyadenylated tails, and a ribosomal RNA removal step is often added
before or after the mRNA purification. In one method, mRNA enriched pools are then
fragmented into roughly equal lengths and then reverse-transcribed using random hexamers to
generate a cCDNA library. Alternatively, RNA is reverse transcribed using an oligo-dT adapter
and the resulting cDNA is fractionated. The former method has the advantage of more uniform
representation across the coding region of the transcript, but may result in the under-
representation 50 and 30 sequences. The later method provides good coverage of 30 sequences
but biases against the body of the transcript. The cDNAs are then fitted with adaptors at one or
both ends through a ligation step(s). It is desirable to add these adaptors during the single-strand
stage (RNA or cDNA) synthesis step in order to retain strand specificity in the final sequence
reads. The tagged cDNA library is subsequently amplified through PCR before being sequenced.

For a typical RNA-seq experiment, mRNA is isolated and reverse-transcribed (RT) into cDNA
libraries with homogeneous lengths. This is achieved by either RNA or cDNA fragmentation.
Recently, single-molecule capture methods have been developed (left) that obviate the need for a
RT step. In the case of SmRNA studies, total RNA is fractionated on acrylamide gels and
SmMRNAs excised. Adaptors at one or both ends of the RNA are added prior to cDNA
amplification and library construction. For the Solexa platform, cDNA molecules are anchored
onto a polony array (flow cell) surface, which are then subjected to PCR amplification. Images
are taken after each cycle for base calling and sequence generation. Currently for the Illumina
platform, ~120 million single or paired-end reads of 32 - 80 nt are generated on a single flow cell
(8 lanes/flow cell) which is then processed further depending on the research goals.
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RNA sequencing analysis

Although the volume of data from RNA-seq
experiments is often burdensome, it can
provide enormous insight. Just as cDNA
sequencing with Sanger sequencers drastically
expanded our catalog of known human genes,
RNA-seq reveals the full repertoire of
alternative  splice  isoforms in  our
transcriptome and sheds light on the rarest
and most cell- and context-specific
transcripts6. Furthermore, because the number
of reads produced from an RNA transcript is a
function of that transcript’s abundance, read
density can be used to measure transcript and
gene expression with comparable or superior

Overview of RNA-seq data analysis
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accuracy to expression microarrays. RNA-seq experiments must be analyzed with robust,
efficient and statistically principled algorithms. Fortunately, the bioinformatics community has
been hard at work developing mathematics, statistics and computer science for RNA-seq and

building these ideas into software tools.

RNA-seq analysis tools generally fall
categories:
Q) those for read alignment;
(ii)
annotation; and

(iii)

Differential gene and transcript expression analysis

The volume and complexity of data from RNA-seq
experiments necessitate scalable, fast and mathematically Pl
principled analysis software. TopHat and Cufflinks are
free, open-source software tools for gene discovery and R e e
comprehensive expression analysis of high-throughput :
mRNAsequencing (RNA-seq) data. Together, they allow
biologists to identify new genes and new splice variants I
of known ones, as well as compare gene and transcript
expression under two or more conditions. TopHat and
Cufflinks performs such analyses, also covers several
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those for transcript assembly or genome

those for transcript and gene quantification.
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accessory tools and utilities that aid in managing data, including CummeRbund, a tool for
visualizing RNA-seq analysis results.

Ginger transcriptome analysis: A case study

Genomic tools are now being developed to accelerate the identification of resistance genes and
the development of bacterial wilt resistant ginger. The present study describes the first global
analysis of ginger and mango ginger R. solanacearum challenge inoculated regimes, which
would serve as a blueprint of gene expression profile.

Ginger (Zingiber officinale) is affected by many diseases. Among them, bacterial wilt (Ralstonia
solanacearum) is one of the most important production constraints in tropical, sub tropical and
warm temperature regions of the world. In spite of extensive search, no resistance source could
be located in ginger. However, mango ginger (Curcuma amada), which is resistant to R.
solanacearum, is a potential donor, if the exact mechanism of resistance is understood. Although
ESTs and other cDNA sequences are among the most reliable evidences for the identification of
gene-rich regions in a genome, gene identification and genome annotation, very less effort has
been made for ginger-pathogen interaction. Our objective is deep sequencing of transcriptomes
of both genotypes followed by de novo assembly and annotation.

The transcriptome has been sequenced from rhizome tissue samples after challenge inoculation
with R. solanacearum using next generation technologies for short read (lllumina platform). It
involves analysis of GC content, repeat content, putative functions, gene families, transcription
factor encoding genes and its comparative analysis with and C. amada. The identification of
many defense related genes differentially expressed provides many insights to resistance
mechanism to R. solanacearum and for studying pathways involved in responses to pathogen.
We also identified several candidate genes that may underline the difference in resistance to R.
solanacearum between ginger and mango ginger.

Conclusion

Despite these challenges, UHTS-based transcriptomics approaches promise ‘never-before’
opportunities to explore plant transcriptomes. As improvements to the sequencing chemistry,
sequencing hardware and software and statistical methods of analysis continue to progress, the
expectations for transcriptomics studies will continue to increase. It has been speculated that the
cost of sequencing a complete genome or transcriptome will not be a limiting factor in the
foreseeable future. This may allow experiments that were deemed as economically unfeasible in
the past to be routinely performed. In summary, UHTS-based approaches have clearly
demonstrated their advantages over previously developed methods and are becoming the new
standard for transcriptomics studies.
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Practical

1. Blast2GO analysis of Transcriptome
2. Conserved Domain Search
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Chapter 7

Genotyping with RAD and ddRAD Sequencing
Dr. VL Ramprasad

Genotyping requires thousands of genomes to be compared in a reliable, consistent way.
Restriction site associated DNA sequencing (RAD-Seq) interrogates a fraction of the genome
across many individuals, an ideal method for genotyping. By using restriction enzyme digestion
and sequencing the regions adjacent to restriction sites, researchers can examine the same subset
of genomic regions for thousands of individuals and identify many genetic markers along the
genome. Other NGS methods examine a larger portion of the genome and offer more data, but
they are costly and cannot be used to study the thousands of individuals required for genotyping.
RAD-Seq applications include: Genetic marker discovery, Local genome assembly, QTL
mapping, Linkage mapping.

SciGenom uses double digest RAD-Seq (ddRAD-Seq), a variation of RAD-Seq, for genotyping.
Traditional RAD-Seq uses one restriction enzyme and random shearing to generate fragments
from genomic DNA. However, these are high DNA loss steps and offer little control over the
fragments that are sequenced. For organisms without a reference genome, a significant portion of
the RAD-Seq data has been discarded due to sequence read errors and the presence of variable
sites.ddRAD-Seq was designed to address RAD-Seq short-comings. In ddRAD-Seq, genomic
DNA is digested with two restriction enzymes, and the resulting fragments undergo adaptor
ligations and precise size selection before sequencing. Only a very small fraction of the
fragments will be sequenced. These fragments are naturally selected to be from the same

genomic regions across individuals.

Further, ddRAD requires half as many reads to achieve high confidence SNP calling, because the
chance of obtaining duplicate reads from the same restriction site are very low. Due to these
modifications, ddRAD has become a more economical method to genotype thousands of
individuals, and has been used for SNP discovery between two Peromyscusspecies that have no

reference sequence.
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Chapter 8
Whole genome sequencing, assembly and annotation of bacteria

Aravind Ravindran & Dennis C. Gross

Abstract

The whole-genome sequencing of bacteria used two high-throughput sequencing techniques,
namely 454 pyrosequencing and Illumina Solexa sequencing. Single and paired-end reads were
generated on a 454 GS-FLX Titanium sequencer, and Illumina sequence reads were obtained
using Illumina genome analyzer. Newbler 2.0 software was used for de novo assembles of 454
sequences into contigs and scaffolds. CLC bio Genomics Workbench version 4.9 software were
used to align Illumina contigs against the 454 scaffolds to confirm the orientations and integrity
of the assembled sequences and to close gaps and link contigs together within the scaffold.
OpGen technologies (Madison, WI) generated a de novo assembled optical map using Kpnl
restriction sites of the genome. In silico Kpnl restriction maps of the scaffolds were constructed
and aligned to the optical map according to their restriction fragment pattern by using MapSolver
v.3.1 software (OpGen Technologies, Inc.). PCR primers were designed to close the gaps by
amplified the PCR products and sequenced; these sequences were helpful in joining the
overlapping contigs between the scaffolds. Assembly was correlated with the optical map for
further validation, and the assembled whole genome sequence was submitted to the Integrated
Microbial Genomes Expert Review (IMG/ER) system for annotation by gene calling. The
annotated genomes were submitted to the JGI GenePRIMP pipeline for identification of the
short, long, broken and interrupted genes to be corrected using Artemis. The Final whole-

genome was submitted in IMG/ER for comparative genome studies.
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Chapter 9
Data Analysis Using CLC bio Genomic Workbench
Dr. Uday Deshpande

Accelerating Scientific Research

Black Pepper Root Transcriptome

The dataset of raw reads from the root transcriptome of black pepper deposited in NCBI database
under SRA047721 accession number (Gordo et al., 2012) was reanalyzed using CLC bio
Genomic Workbench ver 6. The black pepper root transcriptome was sequenced on SoLiD NGS
platform and contains about 71878419 reads 50 bp in length totaling 3.5 Gbp.

Reads were assembled using De Novo assembly tool in CLC bio Genomic Workbench. Blast2Go
tools were used to annotate 1unigenes. The predicted proteins showed significant homology with
the Arabidopsis proteome. This presentation on black pepper root transcriptome data analysis
explains the transcriptome data analysis pipeline and demonstrates the capability of tools in CLC
bio Genomic workbench for the genomic data analysis. Finally comparative benchmarking

results CLC bio Genomic Workbench with respect to original published results is presented.

Further Reading

Gordo et al. BMC Plant Biology 2012, 12:168, 2 -9
http://www.biomedcentral.com/1471-2229/12/168
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Practical on CLC Work Bench

Beyond imagination

CLC bio — helping you discover new science
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The world's leading bioinformatics solution provider

The spine of your breakthrough science

An innovative company—specialized in High-Throughput Sequencing data analysis solutions

The primary focus of CLC bio is to provide fast, advanced, and user-friendly
IT solutions for extracting scientific value from the massive amounts of
DNA and RNA data that is generated by the rapidly increasing fleet of High-
Throughput Sequencing instruments.

Easy-to-use desktop software for genome analysis
The first and only commercial platform for analyzing and visualizing raw
sequencing data from all major Next Generation Sequencing platform
vendors. CLC Genomics Workbench - a cutting edge cross-platform desktop applica-
tion for genomics, transcriptomics and epigenomics analysis.

- Download a fully functional trial: clcbio.com/trialgenomics

Award winning enterprise solution

An advanced, Next Generation Sequencing focused, solution offering secure,

powerful, and flexible bioinformatics computing on a server located centrally
in your organization. CLC Genomics Server offers scalability to meet your require-
ments! See the IT architecture illustration on page 3 for an overview.

- Learn more; clcbio.com/server

Turnkey solutions for large full-genome analyses

The only High-Throughput Sequencing data analysis solutions in the market bundling
a lightning fast hardware platform with pre-installed enterprise software intoa tum-
key platform solution - all ready to function straight out of the box!

Tumkey solution for smaller labs with only a few High-Throughput Sequencing
instruments, the CLC Genomics Machine would be a match:

> Learn more: clcmachine.com

The complete turnkey computer cluster solution CLC Genomics Factory for labs with
several High-T] Sequencing i and a significant data
throughput:

> Learn more: clcfactory.com

Quotes

Bill Farmerie, University of Florida at Beyond Sequencing in San Francisco, 2010:

' ’ More and more professional research organizations acknowledge the fact that
the total costs of building and maintaining an internal data analysis pipeline

incl. staff, delays, and need to do programming internally as data standards change,

are higher than buying professional software that is well supported and easy to use!”

2/4

CLC bio delivers the market's first and only comprehensive IT solution for
analyzing and visualizing genomic, transcriptomic, and epigenomic data
from all High-Throughput Sequencing platforms.
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Other bioinformatics software solutions
(LC Main Workbench - For advanced DNA, RNA, and protein analyses:
=» Learn more: clchio.com/main
CLCDNA Workbench - advanced workbench for DNA analysis:
- Leamn more: clchio.com/dna
r CLCRNA Workbench - for RNA analysis
- Learn more: clchio.com/rna
1 I (LC Protein Workbench - for protein analysis:
- Learn mare: clchio.com/protein
5 CLC Sequence Viewer - free software for basic bioinformatics:

> Learn more: clchio.com/viewer

Director of Bioinformatics at EdgeBio, Justin H. Johnson:

, It was imperative that we leveraged multi-faceted, commercial grade soft-
ware with the ability to integrate open source tools and proprietary internal

algorithms. CLC bio provides a flexible and scalable enterprise platform which allows

us to focus our efforts on providing scientific service to EdgeBio's customers.”
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Desktop Software

CLC Genomics
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Why is internal IT development not ideal?

More and more professional research organizations acknowledge the fact that the total costs of building and maintaining an internal data analysis pipeline

incl. staff, delays, and need to do programming internally as data standards change, are higher than buying professional software that is well supported, easy

to install and easy to use!

Our customers

Dur strategic positioning as the premier solution provider in the high-growth market
of Next Generation Sequencing data analysis has bed to continuous growth in all
geographical regions and within all major product-lines. Our year-on-year sales
volume has continuously doubled throughout the last 5 years and our customer list
counts more than 1000 different organizations.

CLC bia has all the Top 10 Pharma companies in the world as customers, which s a clear
indication we're leveraging the premier commercial high-throughput sequencing data
analysis solutions for organizations working with genomics analyses

Our customers range from individual scientists buying advanced desktop based soft-
ware for improving their academic or industrial research to research organizations
purchasing « i solutions for optimizing work p and
sustaining their scientific competitive edge in an ever changing scientific envirnment.

Global presence

CLC biofs an i i pany with headg sin Denmark and offices in LISA,
India, UK, Italy, Germany, Brazil, Japan and Taiwan. Dur sales partner network includes
more than 20 partners in Asia, Oceania, Europe, Africa, and Morth America.

CLC bio is a privately owned company, primarily funded by local investors and
successfully built without venture capital since January 2005. Corporate governance,
shareholder value, and visionary strategic planning are among our key management
quidelines,

Cross platform

™ [ | [ | Thefirst and only commercial platform with graphi-

" ’; ﬂ. | Q-l cal independent user-clients, i.e. running on Mac 05
E‘,‘,’,. [Unkversat] | Woams | | Leesn | ¥ Windows and Linux (incl. 64 bit versions). Impor-
tantly, all users can waork with the Dperating System of choice, The server can e.g. run
Linuix, while the clients (Genomics Workbenches) at the same time can run in a mixed
emvironment of Linux, Windows, and Mac 05 X, and work in 100% inter-operability

with the Linux Server.

illuiina  Life, . iontorrent

[LC bio offers a comprehensive analysis package which can analyze and visualize data
from all major High-Throughput Sequencing platforms, such as lilumina, SOLID, Roche
454, lon Torrent, and HeliScope - as well as Sanger data

Global support & service

* (LC bio delivers world-class support to Bio IT and Bivinformatic experts a5 well as
scientific end-users

* [LC bin's customer service and support team includes highly specialized employees
at our offices in Europe, USA, and Asia, worldwide,

= [LL bio has a large and very productive team of product developers, We are con-
tinuously improving our software, and this is done at a faster pace than anywhere!

* We ensure that our product improvements have high value to our customers
through strong focus on user driven product development. All our product upgrades
and product expansions are based on specific customer requests, and we prioritize
based on the number and scientific relevance.

Get more information about CLC bio's products,
watch tutorials, interviews and much more

on our web based tv channel clcbio.tv

CLE bio - Global Headguarters
Finlandsgade 10-12, Katrinebjerg
DK-8200 Aarhus N, Denmark
Phone: +45 7022 5509
www.clchio.com - info@clchio.com

CLC bio india Private Limited

#504, Kurupam Towers

Peda Waltair, Vishakapatnam-530017
Andhra Pradesh, India

Phone: +91831273 34 34
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Chapter 10
Comparative Genomics

Dr. Santhosh J. Eapen & Rosana O. B.

Introduction

What is comparative genomics?

Comparative genomics is an exciting new field of biological research in which the genome
sequences of different species - human, mouse and a wide variety of other organisms from yeast
to chimpanzees - are compared. Comparative genomics is the study of the relationship of
genome structure and function across different biological species or strains. Comparative
genomics is an attempt to take advantage of the information provided by the signatures of
selection to understand the function and evolutionary processes that act on genomes. While it is
still a young field, it holds great promise to yield insights into many aspects of the evolution of
modern species. The sheer amount of information contained in modern genomes (3.2 gigabases
in the case of humans) necessitates that the methods of comparative genomics are automated.
Gene finding is an important application of comparative genomics, as is discovery of new, non-
coding functional elements of the genome.

By comparing the finished reference sequence of the human genome with genomes of other
organisms, researchers can identify regions of similarity and difference. This information can
help scientists better understand the structure and function of human genes and thereby develop
new strategies to combat human disease. Comparative genomics also provides a powerful tool
for studying evolutionary changes among organisms, helping to identify genes that are conserved
among species, as well as genes that give each organism its unique characteristics.

Human FOXP2 gene and evolutionary conservation is shown in and multiple alignment (at
bottom of figure) in this image from the UCSC Genome Browser. Note that conservation tends
to cluster around coding regions (exons).

Comparative genomics exploits both similarities and differences in the proteins, RNA, and
regulatory regions of different organisms to infer how selection has acted upon these elements.
Those elements that are responsible for similarities between different species should be
conserved through time (stabilizing selection), while those elements responsible for differences
among species should be divergent (positive selection). Finally, those elements that are
unimportant to the evolutionary success of the organism will be unconserved.

One of the important goals of the field is the identification of the mechanisms of eukaryotic
genome evolution. It is however often complicated by the multiplicity of events that have taken
place throughout the history of individual lineages, leaving only distorted and superimposed
traces in the genome of each living organism. For this reason comparative genomics studies of
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small model organisms (for example the model Caenorhabditis elegans and closely related
Caenorhabditis briggsae) are of great importance to advance our understanding of general
mechanisms of evolution.

Having come a long way from its initial use of finding functional proteins, comparative
genomics is now concentrating on finding regulatory regions and siRNA molecules. Recently, it
has been discovered that distantly related species often share long conserved stretches of DNA
that do not appear to code for any protein (see conserved non-coding sequence). One such ultra-
conserved region, that was stable from chicken to chimp has undergone a sudden burst of change
in the human lineage, and is found to be active in the developing brain of the human embryo.

Computational approaches to genome comparison have recently become a common research
topic in computer science. A public collection of case studies and demonstrations is growing,
ranging from whole genome comparisons to gene expression analysis. This has increased the
introduction of different ideas, including concepts from systems and control, information theory,
strings analysis and data mining. It is anticipated that computational approaches will become and
remain a standard topic for research and teaching, while multiple courses will begin training
students to be fluent in both topics.

Benefits of comparative genomics

Dramatic results have emerged from the rapidly developing field of comparative genomics.
Comparison of the fruit fly genome with the human genome reveals that about sixty percent of
genes are conserved (Adams et al. 2000). That is, the two organisms appear to share a core set of
genes. Researchers have also found that two-thirds of human genes known to be involved in
cancer have counterparts in the fruit fly.

Using computer-based analysis to zero in on the genomic features that have been preserved in
multiple organisms over millions of years, researchers will be able to pinpoint the signals that
control gene function, which in turn should translate into innovative approaches for treating
human disease and improving human health. In addition to its implications for human health,
comparative genomics may benefit the broader animal world and ecological studies as well. As
sequencing technology grows easier and less expensive, it will find wide applications in
agriculture, biotechnology, and zoology as a tool to tease apart the often-subtle differences
among animal and plant species. Such efforts might also lead to the rearrangement of our
understanding of some branches of the evolutionary "tree of life,” as well as point to new
strategies for conserving rare and endangered species.

Why is there an increased interest in genomics?

Although living creatures look and behave in many different ways, all of their genomes consist
of DNA, the chemical chain that makes up the genes that code for thousands of different kinds of
proteins. Precisely which protein is produced by a given gene is determined by the sequence in
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which four chemical building blocks - adenine (A), thymine (T), cytosine (C) and guanine (G) -
are laid out along DNA's double-helix structure.

In order for researchers to use an organism's genome most efficiently in comparative studies,
data about its DNA must be in large, contiguous segments, anchored to chromosomes and,
ideally, fully sequenced. Furthermore, the data needs to be organized to allow easy access for
researchers using sophisticated computer software to conduct high-speed analyses.

The successful completion of the Human Genome Project in April 2003 has demonstrated that
large-scale sequencing projects can generate high-quality data at a reasonable cost. As a result,
the interest in sequencing the genomes of many other organisms has risen dramatically.

What other genomes have been sequenced?

In addition to sequencing the 3 billion letters in the human genetic instruction book, researchers
involved in the Human Genome Project have already sequenced the genomes of a number of
important model organisms that are commonly used as surrogates in studying human biology.
These are the chimpanzee, the mouse, the rat, two puffer fish, two fruit flies, two sea squirts, two
roundworms, baker's yeast and the bacterium Escherichia coli. Currently, sequencing centers
supported by the National Human Genome Research Institute (NHGRI) of the National Institutes
of Health (NIH) are close to completing working drafts of the chicken, the dog, the honey bee,
the sea urchin and a set of four fungi. In the summer of 2003, the centers also began sequencing
the genome of the rhesus macaque monkey, and many other organisms are in the sequencing
pipeline.

Major outcomes of comparative genomics

The rapidly emerging field of comparative genomics has already yielded dramatic results. For
example, a March 2000 study comparing the fruit fly genome with the human genome
discovered that about 60 percent of genes are conserved between fly and human. Or, to put it
simply, the two organisms appear to share a core set of genes.

Researchers have found that two-thirds of human genes known to be involved in cancer have
counterparts in the fruit fly. Even more surprisingly, when scientists inserted a human gene
associated with early-onset Parkinson's disease into fruit flies, they displayed symptoms similar
to those seen in humans with the disorder, raising the possibility the tiny insects could serve as a
new model for testing therapies aimed at Parkinson's.

More recently, a comparative genomic analysis of six species of yeast prompted scientists to
significantly revise their initial catalog of yeast genes and to predict a new set of functional
elements thought to play a role in regulating genome activity.
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How Are Genomes Compared?

A simple comparison of the general features of genomes such as genome size, number of genes,
and chromosome number presents an entry point into comparative genomic analysis. Data for
several fully-sequenced model organisms is shown in Table 1. The comparisons highlight some
striking findings. For example, while the tiny flowering plant Arabidopsis thaliana has a smaller
genome than that of the fruit fly Drosophila melanogaster (157 million base pairs v. 165 million
base pairs, respectively) it possesses nearly twice as many genes (25,000 v. 13,000). In fact A.
thaliana has approximately the same number of genes as humans (~25,000). Thus, a very early
lesson learned in the "genomic era"” is that genome size does not correlate with evolutionary
status, nor is the number of genes proportionate to genome size.

Table 1. Comparative genome sizes of humans and other model organisms

Organism Estimated size | Chromosome Estimated
_ | ibase pairs) number | gens numbaer

Human (Homa sapens) | 3 billign 4G . =25,000

Mousa (Mus musculus) | 2.8 billion 40 | =25,000

Fruit fy { Drosopiila 165 milkan B 13,000

melanogaster)

Plant [Aratidopsis I 157 milien 10 | 25000
_thakiana)

Roundworm &7 million 12 19,000
_{Capnormabanis elagans) | |

Yaasi I'S:?-E“L‘-ﬁu’-'rl?m_:.'ﬂ'ﬂ'F 12 millon 32 5000
B Ll I ——

Bacteria (Eschenichia col) | d.6 millkon i . 3. 200

Table 1: Comparative genome sizes of humans and other model organisms
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Figure 1: Conserved segments in the human and mouse genome
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Human chromosomes, with segments containing at least two genes whose order is conserved in
the mouse genome as color blocks. Each color corresponds to a particular mouse chromosome.
Centromeres, are arranged in similar blocks in different species. The nature and extent of
conservation of synteny differs substantially among chromosomes. For example, the X
chromosomes are represented as single, reciprocal syntenic blocks. Human chromosome 20
corresponds entirely to a portion of mouse chromosome 2, with nearly perfect conservation of
order along almost the entire length, disrupted only by a small central segment. Human
chromosome 17 corresponds entirely to a portion of mouse chromosome 11. Other
chromosomes, however, show evidence of more extensive inter chromosomal rearrangement.
Results such as these provide an extraordinary glimpse into the chromosomal changes that have
shaped the mouse and human genomes since their divergence from a common ancestor 75-80
million years ago.

Comparison of discrete segments of genomes is also possible by aligning homologous DNA
from different species. An example of such an alignment is shown in Figure 2, where a human
gene (pyruvate kinase: PKLR) and the corresponding PKLR homologs from macaque, dog,
mouse, chicken, and zebrafish are aligned. Regions of high DNA sequence similarity with
human across a 12-kilobase region of the PKLR gene are plotted for each organism. Notice the
high degree of sequence similarity between human and macaque (two primates) in both PKLR
exons (blue) as well as introns (red) and untranslated regions (light blue) of the gene. In contrast,
the chicken and zebra fish alignments with human only show similarity to sequences in the
coding exons; the rest of the sequence has diverged to a point where it can no longer be reliably
aligned with the human DNA sequence. Using such computer-based analysis to zero in on the
genomic features that have been preserved in multiple organisms over millions of years,
researchers are able to locate the signals that represent the location of genes, as well as sequences
that may regulate gene expression. Indeed, much of the functional parts of the human genome
have been discovered or verified by this type of sequence comparison (Lander et al. 2001) and it
is now a standard component of the analysis of every new genome sequence.

subcentromeric heterochromatin of chromosomes 1, 9 and 16, and the repetitive short arms of
13, 14, 15, 21 and 22 are in black. (International Human Genome Sequencing Consortium;
Lander, E. S. et al. 2001)

Finer-resolution comparisons are possible by direct DNA sequence comparisons between
species. Figure 1 depicts a chromosome-level comparison of the human and mouse genomes that
shows the level of synteny between these two mammals. Synteny is a situation in which genes
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Figure 2: Human PKLR gene region compared to the macaque, dog, mouse, chicken, and zebra fish genomes

Numbers on the vertical axis represent the proportion of identical nucleotides in a 100-bp
window for a point on the plot. Numbers on the horizontal axis indicate the nucleotide position
from the beginning of the 12-kilobase human genomic sequence. Peaks shaded in blue
correspond to the PKLR coding regions. Peaks shaded in light blue correspond to PKLR mRNA
untranslated regions. Peaks shaded in red correspond to conserved non-coding regions (CNSSs),
defined as areas where the average identity is > 75%. Alignment was generated using the
sequence comparison tool VISTA (http://pipeline.Ibl.gov).
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Figure 3: Comparisons of genomes at different phylogenetic distances serve to address specific questions.

We have learned from homologous sequence alignment that the information that can be gained
by comparing two genomes together is largely dependent upon the phylogenetic distance
between them. Phylogenetic distance is a measure of the degree of separation between two
organisms or their genomes on an evolutionary scale, usually expressed as the number of
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accumulated sequence changes, number of years, or number of generations. The distances are
often placed on phylogenetic trees, which show the deduced relationships among the organisms
(Figure 3). The more distantly related two organisms are, the less sequence similarity or shared
genomic features will be detected between them. Thus, only general insights about classes of
shared genes can be gathered by genomic comparisons at very long phylogenetic distances (e.g.,
over one billion years since their separation). Over such very large distances, the order of genes
and the signatures of sequences that regulate their transcription ~ are  rarely conserved.

At closer phylogenetic distances (50-200 million years of divergence), both functional and non-
functional DNA is found within the conserved segments. In these cases, the functional sequences
will show signatures of selection by virtue of their sequences having changed less, or more
slowly than, non-functional DNA. Moreover, beyond the ability to discriminate functional from
non-functional DNA, comparative genomics is also contributing to the identification of general
classes of important DNA elements, such as coding exons of genes, non-coding RNAs, and some
gene regulatory sites. In contrast, very similar genomes separated by about 5 million years of
evolution (such as human and chimpanzee) are particularly useful for finding the sequence
differences that may account for subtle differences in biological form. These are sequence
changes under directional selection, a process whereby natural selection favors a single
phenotype and continuously shifts the allele frequency in one direction. Comparative genomics
is thus a powerful and promising approach to biological discovery that becomes more and more
informative as genomic sequence data accumulate.

Practical

VISTA Tool for comparative genomics

Comparison of DNA sequences from different species is a fundamental method for identifying
functional elements in genomes. VISTA is a comprehensive suite of programs and databases for
comparative analysis of genomic sequences. There are two ways of using VISTA - you can
submit your own sequences and alignments for analysis (VISTA servers) or examine pre-
computed whole-genome alignments of different species.

VISTA tools are created to assist biologists in carrying out this task. First VISTA server at
http://lwww-gsd.lbl.gov/vista/ was launched in the summer of 2000 and was designed to align
long genomic sequences and visualize these alignments with associated functional annotations.
Currently the VISTA site includes multiple comparative genomics tools and provides users with
rich capabilities to browse pre-computed whole-genome alignments of large vertebrate genomes
and other groups of organisms with VISTA Browser, to submit their own sequences of interest to
several VISTA servers for various types of comparative analysis and to obtain detailed
comparative analysis results for a set of cardiovascular genes. We illustrate capabilities of the
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VISTA site by the analysis of a 180 kb interval on human chromosome 5 that encodes for the
kinesin family member 3A (KIF3A) protein.

VISTA comparative genomics packages
(i) mVISTA

Align and compare your sequences from multiple species mVISTA. mVISTA is designed to
perform pairwise alignments of DNA sequences up to mega bases long from two or more species
and to visualize these alignments together with annotations. AVID is the alignment engine
behind mVISTA, and it allows the global alignment of DNA sequences of arbitrary length. To
use mVISTA for comparative sequence analysis, two or more sequences in FASTA format (plain
text only) or GenBank accession numbers together with a gene annotation file are submitted to
the Web server.

(i) r'VISTA

r'VISTA (regulatory VISTA) combines searching the major transcription factor binding site
database TRANSFAC™ Professional from Biobase with a comparative sequence analysis. It can
be used directly or through links in mVISTA, GenomeVISTA and VISTA Browser.The
visualization program for rVISTA allows the user to look at binding sites for a single
transcription factor and/or various combinations of transcription factor binding sites, which
allows the user easily to examine the clustering of binding sites for factors that are believed to
interact with one another. Both global (AVID) and local (BLASTZ) alignment algorithms are
incorporated into rVISTA.

(iii) Genome VISTA

Compare your sequences with several whole genome assemblies. It will automatically find the
ortholog, obtain the alignment and VISTA plot.

% wgVISTA

Align sequences up to 10Mb long (finished or draft) including microbial whole-genome
assemblies.

< Phylo-Vista

The Phylo-VISTA program with its associated web server presents a novel method for
the visualization and analysis of conservation in multiple sequence alignments by
providing several significant extensions to VISTA tools. Analyze multiple DNA
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sequence alignments of sequences from different species while considering their
phylogenic relationships.

Installation and Usage

VISTA is an application that allows the visualization of long sequence alignments with
annotation information. The VISTA program uses the file or files (to visualize several related
alignments) produced by any procedure of global or local alignment (such as BLAST, Gap
(GCQ), etc.) of two DNA sequences and parsed by the user according to 'Alignment_file' format.
In a short time we are planning to release the stand-alone global alignment software to use as the
first step before visualization.

The VISTA plot is based on moving a user-specified window over the entire alignment and
calculating the percent identity over the window at each base pair. The X-axis represents the base
sequence; the Y-axis represents the percent identity. If the user supplies an annotation file, genes
and exons are marked above the plot. The direction of genes is indicated by an arrow, while the
coding exons and UTRs are marked with rectangles of different color. Conserved regions are
highlighted under the curve, with red indicating a conserved non-coding region and blue
indicating a conserved exon. Conserved UTRs are colored turquoise. The colors can be modified
by the user. A conserved region is defined with percentage and length cutoffs. Conserved
segments with percent identity X and length Y are defined to be regions in which every
contiguous sub-segment of length Y was at least X% identical to its paired sequence. These
segments are merged to define the conserved regions.

VISTA can be configured for visualizing alignments of various lengths by changing several
parameters: the number of pages on which the output appears, the number of frames per page,
the window size, and the resolution at which the alignment is plotted. VISTA allows one to
easily create figures for various documents.

(i) Installation:

Create a directory and copy Vista.jar and retepPDF2.jar to it. Then change your CLASSPATH
environment variable to include references to these two files.

(ii) Example I (Windows):

1. mkdir c:\vista

2. copy source_path\Vista.jar c:\vista

3. copy source_path\retepPDF2.jar c:\vista

4. set CLASSPATH=c:\vista\Vista.jar;c:\vista\retepPDF2.jar
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(iii) Example 11 (UNIX, csh/tcsh):

1. mkdir target_path/vista

2. cp source_path/Vista.jar target_path/vista

3. cp source_path/retepPDF2.jar target_path/vista

4. setenv CLASSPATH "target_path/vista/Vista.jar:target path/vista/retepPDF2.jar"

(iv) Usage: java Vista [-options] plot_file
where "plot_file™ is the name of a file containing plot parameters,
and options include:

-g turn on quiet mode

-d turn on debug mode
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Software packages for next generation sequence analysis
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colourspans Fenamic nepresentation in mind. Authors are Michesl Brodro
and Stephen Rumiole at the University of Toronto. POSEL

&n spplication for the Mumine Ssquence Aralyzer output that uses the
protmiiby files nstead of the sequanos Slas ms s mout for alismment to =
reference Sequence or & 5=t Of referenoe sequencss. Authars are from
ot

SOAP (Short Cliponuciectice AlEnmeent Programi). A program for eficert
Euppas B0l unrapoed mlignment of thort olisorecsntides omto refersnos
SETSTICES.

SEAHA |Seguence Search and Alisnment by Hashiing Alzonthmi] is a tool for
rapidly finding mear sxmct matches in DMNA or protein detabases usng =
hesh table, Developsd ot the Sanger Centre by Zzmin Wing, Anthany Cox
and James FAulikin, T+ for Linug'Alpha

Alizns S0LD data. S0CS is buk on &n terative vanstion of the Rabin-Eam
string search algorthm, which uses hashing to reduce the =t of possible
maiches, drasticelly inoreasing search speed. Authors are Omdov B2,
Wyracarsian A, Passalacoua KD ard Sermman K9

bt fFweaw e bi e k™ guy fenonerabe)

hitp: 100t genomes_on downloads/penomemapper. himil

it fweaw. gene ooy shareizmen)f

dinaL os ory eduy gnursepy

hitp:ffsourosforge netprojectsmag

hitto://biginformatcs bo eduy/marthiab, Mosaik

hitp:fmrfast sourceforg e et

hiktp: i mummer sourceforge nety’

Rtz wrew.nevoorait com, meindinde. phe

hictpf peas . oribi. uniped it oEi-bing/pass. pl

hiktp:ffrulaicshl eduy rrrepy/

biogibbs stanford sdeyASTEfangh fSeqhan,

hitp:ffoomphio. os boronto sdu fshimp)

it ffweanw. bogsc .o platform, bioindo softamre sider

hitp:ffsoap. penomics.orgon,

it fweaw sanger s ukresourcessoftamrs M sahal

it fweaw. solidsoftamretoals comyigh projectfsocs)f
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SNWFT

SxOliguseanch

IOOM

The SWIFT suit is 8 soffwars collection foor fast inden-bassed ssquence  hitp:ffbibisery techeslouni-
comparison It oontains: SWIFT — fast local aligement ssandh, muerantesingg  bielefeld. de/mwittwelkcome himi

to- find epsilon-matches behween two sequemces. SWIFT BALSAM — & wery
fest program o find semiglobal ron-gapped alignments based on k-mer
sesgds Authors are Eim Resmuszen (SWIFT) snd ‘Wolfsang Gerlsch [SWIFT
EALSAM)|

ShQligusearch s o commercal pletform effered by the MekgEion @eEd  FmasE. mgrcaem.my;: S o) Meve s Hligoszarc php

Synamatic Will =lign lllumira reads against & rarge of Refseq RNA or BCE
Eenomee uikds for & romber of orgsnisms. Web Portal OF indepencent

& wersatile software tool for =fidently molving large smie s=quence  hitpyfwesw vmabch.de)”

rreatching tasks. Vimaekrh subswmes the softweers tool REPuter, but is much
meare mameral wikh B ey flasie user imbertsie, apd improved soece and
time requirements. Exssntally a krge string matching toolbox. POSIE.

ZOOK |Zilions ©OFf Oligos Mapped] is desigresd to mep millions of short kb fwsw. bioinfor_comyproducts/zsomyfindex. php

resds, emenmed by net-pEneration seguersting techmoko=y, back to thee
referencs penomes, and carry out post-analesis. 2008 is deveioped to b
haghly moourste, Meable and wser-fnendly with speed Deing = b=l
priority. Commerdal Supparts lumina and SOLD datn.

De novo Alignment/Assembly

AEySS

BLIFATHS

MIRA 2

SSAKE

WCAHE

Assemialy By Short Sequences. ABYSS is & de nowo sequence assembler that is
despred for wery short resds. The single—processor version is ussful for
aszemoling Eenomes up to S0-30 Momses in size. The paraliel version is
imiplemierted using MF1 and s capabde of ass=mbling l=rser Eenomes. By
Simpson JT snd others at the Carace’s Michael Smith Genome SOenoss
Ceanfre. CH &5 sounce.

ALLPATHS: D= novo assembly of whols-memome shotmun  micronssds.
ALLPATHS is & whole gemome shotgun sssembler that san genemte high
gty assemblies from short reads. Assembdies are pressrbed in 2 gragh form
that retains amoimwties, such as thoss snzing from polrmorohism, thereby
prowiding information that kas been absent from previous penome assembliss.
Esroad Institube.

Ediera (Exact DE Mowo Ass=mbiber] is an assemioler dedicated to process the
millions of very short neacs producsd by the llumina Genome Analyzer. Edena
ic Dazec om the treditionsl ouerap imyoot parsdigm. By D HeTanoer §
Framcois, L Farimeslli, b Osterees, and 1. Schremzel. Linusg Win.

Short read G novo assembily. By Mark ). Oveiszon and Pmesl A Pevaner Trom
WS |published in Senome Researth). Uses & g Enujn gramh approsch.

M IFA [ Mimicking Intelizent Re=ad Assembdy] iz able to perform Do bybrid de-
rove mizamnbaz ming rams: pwihersd chrouph 454 saquencing technoiegy
(=520 or S5 FLE]. Compatible with 434, Solsxs and Samzer datn. Linux 05
required.

A& Consistanoybased Corsersus Alsonthm for De MNowo snd Reference-moded
Sequence Aszemmioly Of Short Fesds. By Tobias Rmusch and others. T+,
Limreuw*im

D= niowo Bssemisly of short resds. Auttors are Doben IC, Lottaz C, Borodins T
ard Himmelseuer H. from the BMa-Planck-Instiste for Moleodar Senstics.
The Short Sequence Asseminly by E-mer search and 3' read Extension (S5AEE] is
a pEnomics aopioybion for axressively assembling milkans of short ruckeotide
sequenoes by progressively searching for perfect 3-most kE-mers using & DHA
prefin tree. Authors sre Rens Wamen, Grenger Sutton, Steven Jones and
Robert Holt froem the Canada's Michael Smith Genome Sdences Centre.
PrifLimm.

Fuart of the S0&P suite

D= nowo assembly of short reads with robust eTor comechon. An
imiroermiant om earty vearsions of SSAKE.

Wehet is & de= movo gemomic assemibler specally desigeed for short resd
n=|:|u=|1|:in5 t:u'mh:!g'u_. such &5 Solesm or 334, Meed sbouk 20-23% coveraze
armd paired neacs. Developed by Daniel Zerbino and Ewen Bimey at the

wwrw Dorse oy plakfoenyoiainto software abyss

ot p. broadi nstibute. cre puby ored ALLF ATHS/Rie lease-
L5/

mitp Swneesr. penomic.chysdena php

mitp feuler-assembler ucsc ecuyiportal’

mitp:/ fohevreun.ong"projects_mir himi

mtp S segran e orojectsfronsensu s’

mitp:/ Fsheroms. molgen mpg.oef

mitp Swneesr. bopsc. onplatformyoioinfoy software, 'ssa ke

kg ¥ PR e i BTy
matp:/ Fsourceforge. net,/projectsfecaie

mtp S, ebi ac Ul zerbinoy e ety
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Variant Annotation (SMNP/Indels Discovery)

ITEnEENF

PolyBayesshort

ZAnEENFIC N polymorphiom oetection too. [t detec homezyzous SHEC and inoels
oy alizrire shotpun resd to the fimished menome sequence Hishly resetitge
elements are fikered out by ignoring those lener words with kigh oocurnence
rumbers. hare tuned for AE] Sanger rescs. Desslopers are Adam Spasgo snd
Zemrim MirE from the Sanesr Captre. Commpg Alohe, Linux-84, Linue-32, Solaris and
hac

& re-incamation of the PoyEayes SHP disoery tool develsped oy Gabor Marth at
Washimzton University. This wersion is specfimily optimied for the snsysis of
larg= numbers [millions) of high-throughput Revt-genertion ssquencer resds,
aligned v whole dcwomasomes of mocel OrganisT or mammalisn pecmes.
Deyelopers at Boston Collsge. Lirun-64 and Linae-32.

PeroEaye: is 8 nowel bazz caller for oyreseguenoes from the 454 Life Soences
ssquendrg machines. It was designed to assign more soourste bass quality
estimatesta the 434 pyroesquences. Deveopers ak Boston Dollege.

it fwane camprer me U recouroes ooftwane ool

Ivttpey/aioinformestics. >o sdu/marthkio'P bShort

Ivttpe,oioinformratics. > edu/marthisy PyroBayes

Genome Annotation/Genome Browser/Alignment Viewer|Assembly Database

Eagieyicw

An irformation-rich mencme assembler viewer. Enslefiow can display & dozen
different types of infosretion inchsdin Dmse guaelity and flowgram signal
Developeis 2t Boston Colisge.
LookSeq 5 & web-sased application for slisnment visuslization, browsing ard
mnalysis of gemome ssquence datm. lookSeq supports mukiple segsencing
techmologies, alignment sources, snd wiewing modes; ow or high-depth nesd
oifens; awd easy visuskzation of putstve single nucieotide and structhumal vansborn.
From the Zanger Centre.
Mapviea: visumlizstion of short resds alignment on desitop computer. From the
Evolutionary Gencemics Lab st Sun-¥at Sen Uneersity, China. Linue.
Seguence Astemioly Manager. Whole Gerome Assemioly (WEA] Maragement and
Visumlizetion Tool. It provides = gereric platform for menipulating, snayzing and
wiewing WA cats, regardess of input tjpe. Developers are Rene \Wamen, Yaron
Buttarfiald, Asim Siddhigw and Steven Jorss gt Canads™s Michasl Smitt GeEnome
Soiemces Certre. MySOL baccend and Per-C6 web-based frombend fLinue.
Incudies GAP4. GAFS once completed will handie next-pen sequendng daba

A wisual tosl for snakzing cross match algnments. Develossd by Rere Warren and
Steven Jores ot Carede's Michael Smith Gename Sdences Cethne. Python"is or Linux

it/ panindormatics. b sy, marthish, Engle view

Mt s sangersc Uk resource s softanre,

hip:fevakution sy sdu. o mepvizw)’

hip: v bogsom  platformy bicindo softeare,san

hkp:fstaden.soumsforge net’

hip:fwws. bozsom) platformy/ bicinfo) softamre, firratch

Counting e.g. CHiP-Seq, Bis-Seq, (NV-Seq

FindP emics

The sowrce code and data for the "Shotgun Eisulphite Ssquencng of the A bidopss
Ganome Feeals DHA Meathylation Fattsmine™ Mature paper by Colus =t ol [Steys
Jaooisen's b at WCLA|. PO

Frogram usad by lohnson etal (2007] in ther Soance publickion

CHy-32q, o new method o detedt cooy swmber varistion using Feh-throushout
sequendn. Oheo Xie and Martti T Tammi =t the National University of Singapore.
ParlRL

perform analysis of ChiF-5Seq experiments. It uses & naree algorithm for icentifying
regiors of Figh coversme, which reseesent Chromatn  Immunopreopitstion
ennchment of sequence frgments, indiming the locstion of = bound protein of
interest. Onginal aigorithmn by Matthew Bainbridge, in collsbomtion with Gordon
Robertson. Durrent code and implamentation by Anthony Feies. Authors are from the
Canade’s Mohael Smith Genome Soences Centre. 1AVANDS independent.

Mode-based Aralysis for ChIF-Seq. MAC empirically medels the lengzth of the
cequenced ChiF fragments. which tencs o be charer tftan coniotion o Borary
construckion size eshimates, and uses it ko inprose the spatisl resolution of prediched
ninding sibes. MACS also uses B dynamic Poisson distribution to effectioshy capbure
local miEses i the gonome seguence, dliowing for moe sensitive and rooust

mit e pigenomics. nodb.uch. eduy 8-
Seq,Sownicad Hmi

mitp/ fwoldiab.aftech. edw/himil/chipseq peak finde:/

Mt b dios nus. = 55 cme-seg

mt S wees. bozsc. oy platformyoioimoy software findoeaic

mat liukab.dtc harmnd edu/MACS!
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prediction.
PesiSeg PeskSaq: Systamatic Soonng of ChiP-5Seq Experimenis Relative to Controls. a bwo-pass soonosch for scoring ChiP-5eq cats refstive o contrals. The
s identifies putative binding sites and compens=akes for varistion in the mappability of s=guences scross the genome.
QUEST Cluantitatiee Enrichment of Sequence Tags. Sidow and hMysrs Labs at Stanford. nttpcf/mendel standord edwy/sicowiabdownioacs fquest
SI55R: Site identitication from Short Sequence Reacs. BED file input. Raja lothi @ KIH. Peri. it pcf/dir nhibinik oe papersfimifepipenomes/Sssrs)
Alternate Base Calling
ROLEXA R-based frameswork for base caliing of Solexs dats. Svitsri2 3. epflch/R-doc/ibrary/ R oleim htmi D0ince rbmi
ate-cyclic =& novel lllumina Senome-Analyzer |Solsus] base callar nttpc/ anmoniab. cohil ey Alte-Cyolicfmain. htmil
Transcriptomics
ERANGE Mapping and Quantifying Mammalian Transoriptomes by RNA-S8q. Supports Bowtie,  nttps/fwoidisb.atbech edw/masegy
BLAT ard ELAMD. Fram the ‘Wald b
5-Mo.E-5e S-Mo.F-52 is @ method aimed 2t using ANA-Seq short resds to ouild de novo gane http:/fwwa cenoscope. ons. frfexterne s marse)’
modeis. First, capdidate exons sre built dirsctly from the positions of the nssds
mapped on the senome (without any b initio essembly of the reads), snd all the
possible splios junctions betwesn those exons ane basted agminst unmappsd resds.
From CME in France.
Maphient Mapiient: & software tool for splio=d and unsplioed alienments and SHF detection of  httpc//evolution. sysu.edu.onfenglish/softwane/mapnext h
SNt SEALEASE PARSE RO e EVBIUtiSngny Cansmine Las at Sun-Var Sen ety
China.
OPalms Optimal Spliczd Alignments of Short Sequence Reads. Suthors are Fabio De Bong,  www.fml.buebingzn.mpg. de/raetsch/zupoligpaima
Stephan Ossowski, Korbinisn Schneebenzer, and Gunnar REtsch.
RSAT RSAT: RNA-Seq Aralysic Tools. RMASAT is developed and maintsined by Hui lisng ot Diogibbs stanford edu, e 7Efangh/rsat)
Stanford University.
TopHat TopHet is & fast splic= junction mapper for RNA-Seq resds. It alisns RMA-Seq reads o http/feophat.chrctumd sduyf
mammalian-sized menomes Lsing the wkra high-throughput shoet resd sligner Bowtis,
and then analypes the mapping nesults to identity splice junctions bebtseen sxons.
TooHset is & collaborative affort betwesn the University of Baryiand and the University
of California, Berkeiey
Genome Visualization
Artemis Artemis is @ free menome browser and annotstion tool that allows visuslisation of  hitps//weesr sanmer.ac uk/respuroes softwars ‘artemis,
sequenos festures, next gEneration dats and the results of analyses within the conbert
of the s=quencs, and also its she-frame transistion.
GenomeView  Senomeview it B next-menergbion stand-alone gEnome Dnowser and editor intisted in - hitpcf/penomesieworg’
the EZE group at VIB and osTently developed ot Broad Institute.
=Y The Integrative Gepomics Viewsr (15%] is 8 high-performance visuslization tool for  http:/fwww. broadinstitube onzfige/
imtErsctioe Expdoration of larme, intesrEted menomic datasets
Ghrowse S8rowss is 8 combination of database and inkeractive web pages for manipulating and  hitp://Emiod onzfwild S8 rowss

displaying annotations on penomes.

THE TARGETED SEQUENCE-ENRICHMENT TECHNOLOGIES FOR NG5S

Technology Approach Flattorm Website
ArilentfSureSelsct Array-and solution-based Iikrmiing,/Roche 831 hitps e, chen. egilent. oo f
RainCancs Miorodroolet-msed Iikrmiing,/Roche 831 hitp e, rinder cetechralagies com)f

HimbdaRar/SarmpF7 Fanmes

Arrasyg-mrad colibinn s I emins fRimethim 4R

Febit/HyhSslect ioroarmay-oesed Iikrmiing,/Roche 831
Fu-d-gm PCR-teesed Iiumnins /Riosche f831
Myoromeray Myselect Solutisn-omeead Iikrmiing,/Roche 831
LC Soiences ioroarmay-oesed Iikrmiing,/Roche 831
Oingen, SeqTarget Long-mnge PCR-based IlyminaRoche 831
Hlumi o TruScs Zolukisn bosod Ieming,Mic-che, 801

hi e miminlagen ooy penc stsfoanranfindes bE
hittpsfnwnw Pt oo my'mi croarmey-

hittp e uidigmooomytanget edresequencing hbml
hitp e rerporoarmay oo my products e sele . hinl
hitp e icscisnnes. oom,fa ppli bions fgenomics,
hitp e giagen oomy productssegtanEetsyster as
hitey ey ilbamnine. comy oo licot sna i
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OTHER ALIGNMENT, ASSEMBLY AND UTILITY BIOINFORMATICS TOOLS FOR N(

Program Function Platform Website
De novo assembly

Abyzz

Algnment/asemialy lllumira hittpe e bozse. oy platiorm,bioi nfo,softamne sbyss
ALLRETHE Alpnmment/asseminly [Humira hittpe/ e broadinstibute- org soenos programs,=en
AMOSmp Alignment/assemoly Fuche ome-tigkomyord
ARACHME Alignmant/azzamisty Rache http//sourcetarge. net/ projects/ames,/ies/
CAF3 Aignment/assembty Roche hittpe S broadinstibute. o soence forograms/
Consenzus,Seglons Aignmeant/aszambdy Fimche genome-miologyord hito:[pbil.univ-
Curtmin Alipnment/assembiy IMumirafRache 48| tyond fr/ce p3.php
Ecara Aignment/aszembty lllumina it/ wwrwr. segan. oe) dowrnioads/ projects html
Euler-3R Alignment/assembly lluming, Roedhe hiipc//coce. google.com/2 ourtain/
FuzzpPatn Alignment/assamity llumina/Rodne hitpc//www. genomic ch/eciena
IDEA Alignment/assembly lIlumina hitpc el
MIRA/MIRAZ Alignment/assambily IlluminafRoche assembler.ucsd. edu/portal Tg=team
Hewhisr Alignment/assembty Roche ftp:/Rp ssnar ac.uk/pub, " fuzypath/
Fhmap Aignment/assembdy Ikmina;* Aoz TLETypenn_ vl
RiEA Alignmant/assambdy Illumina httpe/ e, cs hin i walkse idba/f
QERA Aignmeant/aszambdy Ilkumina httpe// chiswrews. org/projects_mira. htmi
SHARLCES Alignmant/azsambly lliumina roche-aoobed-sderce comy)
SHORTY Aignmeant/aszambdy A3 hittp:/ e, phimap. o conesedfcon:s
SHRAF Alipnment/assembiy Roche Mumire &0 htmighowkoGet
504PdenovD Aignment/aszembty Ilkumina,“481 hitp://rga.cprb.oregonstate. edu/
SOFRA Afpnment/assamity Aocha hittpc//qsracprh oregonstate. edu/
SR-ASH Alignmant/assambdy llumina Rodhe Ititpefsharczs molgen. mpg.de,’
SSAKE Alignmeant/assambly lllumina bty v o5 sunysnedufwsklena
Taipar Aignmant/asambdy llumina,“Rodhe fshorty
WCAKE Alignmant/assambly [llumina RochefASI By request hitp.soap. genomics.ong.o
Takiet yisuaization ool [lruriing /Rioche hittpfomoinf. sori.ac.uktabiet
TagDust [ain cleaning (haeming hitp://menome gsc riken. jp/osc/english software,.
Thed Quality aszessment [lrumiing nitp: fwrwie science. oreganstate edu/wdalanp/ tileq
st e Uimimizatinn frnld lkimins Rrche bt s e o iasttrem hiininfn e fwors fmatchuies
Yenta yisuaization ool [lrumiing hittp:/menome wust.edu/took/ cancer-gnomics
FEnes Caia manazement [ urring /48 hittp: fwvw. enologics.com solutions/ reseanch-informatics
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Program Function Platform Website
Reference assembly
Bt Aligrenent) assemi by Murrire/ Roche/AE] mitps/ fboati=-bio. sourceforge . net
EWi Coronalite Alignment/assemialy Murire/AE] ASI matpaf oo~
Eratia alignment/assemiby Murrire,/ Foche AE1 matpsf/boatie-bio. sourceforge net
EWia Coronalite Alignment/assemiby Murire/AE] AS| hitpaf o~
CABDS Aligriment)asseminby Rochie AE] s sourosforse netibwa.shkml
ELANCELANDZ Alignment)assembby IMurrires, ABI hitpoffsolideoftwarstools.comy 5 pro
ELILER Exansrats Alignment/assemibly IMurrire Rischie ject/oonona) http fegs-
ERAEF Alignment/assemibly Murrire [umina msseminler.sf.ret
Genomebiapper Alignment) assemiby IMurrire [umina matps fwwailumina com,’
GRMAR Aligniment/assemniby INurmire kg feuler-assaminler ud edy)portel’
EnumEp Allgnimemnt) assemi by | Murmire AR hatpf s b ac ul sy exonerste
ICIOM Karme Allgnimemnt) assemi by | Murmire Hlumina katps/ fwees. biomedicentral.oom 1471~
LAST LOCAS Allgnimemnt) assemi by ABI MOS0 s nme=51
Mimpraads Allgnimemnt) assemi by IMumire AR [lamina mitp:/ 1001 penomes. o doanioads femome
MAD KK Alignment/assemiiky Niurrina/Roche/&81 mespper hkmi
Iosaik Alignment/assemiby Nurrena it p S fwwva meres com,share fEmap
mrFAST  mersFAST Alignment/assemiby AE1 Hlumira it p:ffdne s by eduEnumap)
FLRr Alignment)assembby Mhamins it p: o sourceforge. nitf
MmaliEn Alignment/assemiky WumingAE] it/ fwwea.sph. umich. edu/ o ohekarma/
Miowooralt Alignment/assemibly Mhamine AE] hittp:ffiast core jp
Ferk Rezers Alignment/assemily Huming hitp: fwww-aminformatik. uni-
EMAP Alignment/assemiky Murmiire, Rode tusbingeEn.de/softwnre loos
sepEmehl Alignment/ assemiby R hittp:ffsolideoftanretools.comygh project fmapr
Seqions Allgnimemnt) assemi by e eacky kitp:/mag sourceforge.net
SeqhAan Allgnimemnt) assemi by Murrire/ Roche/AE] hitp:/fmom.cshe oy, ecy)
SHRiFAP Aligniment/assemily e hitp:/bivinformetics. be ady/marthiab i
SEAHASSSAHAZ Alignment/assemioly Hiumina, Ricche hittpe/fawna sang er.ac uk Sottware/analysis/SSAHAZ
Stamoy Alignrrent/assemioly liumina st fwreawned Lo ae uk S marting
SKOligaSearch Alignment/assamioly lllumina ittpe synasite mgrc.oomumy S0 B0, s Hew SN0 lizoSasrch. php
SHORE Alignment/assamioly lllumina Fittpe i 100 me rmies.onz downdoads) shore bl
Wmatch Alipnrant/assamisly Ilumina ittt emetch.de,
DHaggnast icsfutilities
ArtermisACT Visuslization ool lkumninaRoche hittpe/taww. sanger. ac ukresources software, fartemis,
CASHE Fipeline liumina tipe/f seqanmarers. oom fwiki(CASHD
Consed visuslization tosol Hiumina, Ricche tipe/fevwnw. penome. washingtonusdu oonsed foon sed hkmi
Engi=iiew visuslization tosol Hiumina, Ricche Itipe/foicindormatics. b ssdu marthiab Eag e view
Fastie Ouality assessment kumnina/A81 Fittpewww bioinfonmatics bbsro.sc ukfprojedts fastoe
Eambat Visusization toal IkumninaRicchs hittpeohoinformatics. bo sdu marthilab, \Saminit
Goby Dista mansgement llumina,Rioche 881 Iittpeyicem pagnetab. orgsoftwanemoby
E-50F Craia mansgement lumina/as] matpsfipublicipen orgsgz
Hawkey= visuslization ool Hiumina, Ricche matpsffamos. sourcefionme. net hawkeye
Hyanc-SHREC Error Comection Hiumina, Rcche 881 mkpsf fanvrw. oo hedsink 1N resimel g brid-shirecf
L8 visualization tool lllumina mikpsf feerw. broadinstiute org Sz Tglshome
LookSeq visuslization toad lllumningRische matpoffioniseg sourceforg e net
Masiciswer Visuakzation tood Ikumnina hitpoffoboindormatics. 2. on/memicaiewer)
Rmoies Visusization tool Ilumina rat e evniution sysu sdu.onmesgiewy
HETiea Visualization tool Ikumnina/as| hitpoinEsvima sourcefionze. net
Fliga Ouality aszessment lumnina hatpsf i oioindo. uhuecy FIOA
Recondliztion Assembly pipedine liumina hatpsf e, senome. umd edu/software. itm
Ref'Cow SeqUEnDE COVErngE Hiumina, Ricche mkpsf e nome st edyftools cancer- gEnomic
M Tools LHilites Iumina,Roche mitpsffsourceforge. net,/projects samtools files,’
Sargmrt Visualization tood IumninaRoche matpoffcompitio.cs toranto edusvantf
ChortRasd Ouality aszassment Ihumnina/Roches htpeohoconductor. orpacieges2. &/ bing htmlShortResd Ktmi
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