Chapter 9:
Analysis of next-generation sequence data



Learning objectives

After studying this chapter you should be able to:

* explain how sequencing technologies generate NGS data;

* describe the FASTQ, SAM/BAM, and VCF data formats;

* compare methods for aligning NGS data to a reference
genome;

* describe types of genomic variants and how they are
determined;

* explain types of error associated with alighment, assembly,
and variant calling; and

* explain methods for predicting the functional
consequence of genomic variants in individual genomes.
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Human genome sequencing

We currently obtain whole genome sequences at 30x
to 50x depth of coverage. For a typical individual:

2.8 billion base pairs are sequenced
~3-4 million single nucleotide variants
~600,000 insertions/deletions (SNPs)
Cost (research basis) is <$2000

We try to sequence mother/father/child trios

We also can enrich the collection of exons (“whole
exome sequencing”’). For a typical individual:

60 million base pairs are sequenced

= There are ~80,000 variants
* There are ~1 1,000 nonsynonymous SNPs
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Sanger sequencing: what we had before NGS

Introduced in 1977

A template is denatured to form single strands, and
extended with a polymerase in the presence of
dideoxynucleotides (ddNTPs) that cause chain
termination.

Typical read lengths are up to 800 base pairs. For the
sequencing of Craig Venter’s genome (2007; first whole
genome of an individual), Sanger sequencing was
employed because of its relatively long read lengths.



DNA sequencing by the Sanger method

5 reeeesssee— 30 oligonucleotide primer (hybridizes to template)
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polymerase '99%TE | Primer elongation, chain termination
ddTIP : :
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Determination of DNA sequence

i inferred by pattern of chain termination




View genomic DNA (here from the beta globin locus)
from the Trace Archive at NCBI: FASTA format

Show | a5 |[FasTa x| M imcolor

=gnl [t1|981051509 rame: {70004 77253277 Send to BLAST
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TTTEGAATAAT TTAAAT AC AT C AT TGCAATGAAAATAAATGETTTTT TAT TAGGCAGAATCCAGATGECTCA
AEGCCCTTCATAATATCCCCCAGT TTAGTAGT TGGACTTAGGGAACAAAGGAACCTTTAATAGAAATTGG
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TTTaAACC AT AT AT GTATAATGGAT TATGTATCAATTAAAAAT AAAAGAAAATAAAGTAGGGAGATT A
TEAATATGECTAMAMNT




Each DNA base in the Trace Archive has an
associated base quality score

(best scores highlighted in yellow)
Show | as [FasTa | M imcolor
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TTTTALAAT TACAAAT GCAAAATTACCCTGATTTGGTCAATTATGTGTACACATATTAAAACATTACACT
TTTAACCCATAAATATGTATAATGGATTATGTATCAATTAAAAATAAAAGAAAATAAAGTAGGGAGATTA
TEAATATGCAAAT
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Examples of Sanger sequencing traces

Low quality reads
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Next-generation sequence technologies

Roche 454 | million | day 99.9%

[llumina 50-250 <3 billion [1-10 days ~$0.10 98%

SOLiD 50 ~1.4 7-14 days $0.13 99.9%
billion

lon Torrent 200 <5 million 2 hours $1 98%

Pacific 2900 <75,000 <2 hours $2 99%

Biosciences

Sanger 400-900 N/A <3 hours  $2400 99.9%



NGS technologies compared to Sanger sequencing

Technology Read length (bp) Reads per run Time per run Cost per megabase (USS) Accuracy (%)
Roche 454 700 1 million 1 day 10 99.90
lumina 50-250 <3 billion 1-10 days ~0.10 98
SOLD 50 ~1.4 billion 7-14 days 0.13 99.90
lon Torrent 200 <5 million 2 hours 1 98
Pacific Biosciences 2900 <75,000 <2 hours 2 99
Sanger 400-900 N/A <3 hours 2400 §9.90




Whole genome sequencing (WGS) costs
have declined dramatically
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Next-generation sequence technology: lllumina

DNA
(0.1-1.0 ug)

l

Sample
preparation

Image acquisition Base calling



Randomly fragment genomic DNA

l Library preparation Seq UenCing by
lllumina technology

Samples immobilized on
surface of a flow cell (8 lanes)

l Solid phase amplification

* Bridge amplification (inverted U)
generates clusters on surface of flow cell

Al " |+ ~Ten million single-molecule
: i clusters per square centimeter

)

l Sequencing by synthesis

Cluster

* Each cycle: add polymerase, one labeled
deoxynucleoside triphosphate (dNTP)
at a time (four labeled dNTPs per cycle)
* Image fluorescent dyes
* Call nucleotide
* Enzymatic cleavage to remove




Cycle termination sequencing (lllumina)

Disadvantage:
* Short read length (~150 bases)

Advantages:

*Very fast

* Low cost per base

* Large throughput; up to | gigabase/epxeriment

* Short read length makes it appropriate for resequencing
* No need for gel electrophoresis

* High accuracy

* All four bases are present at each cycle, with sequential
addition of dNTPs. This allows homopolymers to be
accurately read.



lllumina sequencing technology in 12 steps

FIGURE 2: SEQUENCING TECHNOLOGY OVERVIEW

1. PREPARE GENOMIC DNA SAMPLE 2. ATTACH DNA TO SURFACE 3. BRIDGE AMPLIFICATION
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The enzyme ncorporates nucleotides to
build double-stranded bridges on the sofid
phase substrate.

Denaturation leaves single-stranded

Seweral million dence clusters of doubla-
tamplates andchored to the substrate.

stranded DNA are generated in each channel
of the floer coll.

Source: http://www.illumina.com/downloads/SS_DNAsequencing.pdf



|. Prepare genomic DNA

ﬁ 2.Attach DNA to surface
DNA \ "] !i
3. Bridge amplification
1 adapters AF b
. Fragments become
B ;

% double stranded
5. Denature the double-
stranded molecules

& & 1
e 6. Complete amplification

Randomly fragment genomic DNA and ligate
adapters to both ends of the fragments



_—a . adapter

/ ‘\\ DNA

[ § .~ fragment
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primers

Bind single-stranded fragments randomly to the
inside surface of the flow cell channels

|. Prepare genomic DNA

2.Attach DNA to surface

3. Bridge amplification

4. Fragments become
double stranded

5. Denature the double-
stranded molecules

6. Complete amplification
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Add unlabeled nucleotides and enzyme to initiate
solid-phase bridge amplification

|. Prepare genomic DNA

2.Attach DNA to surface

3. Bridge amplification

4. Fragments become
double stranded

5. Denature the double-
stranded molecules

6. Complete amplification
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The enzyme incorporates nucleotides to
build double-stranded bridges on the solid-
phase substrate

|. Prepare genomic DNA
2.Attach DNA to surface

3. Bridge amplification

4. Fragments become
double stranded

5. Denature the double-
stranded molecules

6. Complete amplification
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Denaturation leaves single-stranded
templates anchored to the substrate

|. Prepare genomic DNA
2.Attach DNA to surface
3. Bridge amplification

4. Fragments become
double stranded

5. Denature the double-
stranded molecules

6. Complete amplification
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Several million dense clusters of double-
stranded DNA are generated in each
channel of the flow cell

|. Prepare genomic DNA
2.Attach DNA to surface
3. Bridge amplification

4. Fragments become
double stranded

5. Denature the double-
stranded molecules

6. Complete amplification




Laser

The first sequencing cycle begins by adding
four labeled reversible terminators, primers,
and DNA polymerase

7. Determine first base

8. Image first base
9. Determine second base

|0. Image second chemistry
cycle

| I.Sequencing over
multiple chemistry cycles

12.Align data




7. Determine first base

8. Image first base

9. Determine second base

|0. Image second chemistry
cycle

| I.Sequencing over
multiple chemistry cycles

12.Align data

After laser excitation, the emitted
fluorescence from each cluster is captured
and the first base is identified



Laser

The next cycle repeats the incorporation of
four labeled reversible terminators, primers,
and DNA polymerase

7. Determine first base

8. Image first base

9. Determine second base

|0. Image second chemistry
cycle

| I.Sequencing over
multiple chemistry cycles

12.Align data
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® a

After laser excitation the image is
captured as before, and the identity of the
second base is recorded.

7. Determine first base
8. Image first base

9. Determine second base

|0. Image second chemistry
cycle

| I.Sequencing over
multiple chemistry cycles

12.Align data
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| |0. Image second chemistry
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I | I.Sequencing over
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G papmnet 12.Align data

The sequencing cycles are repeated to
determine the sequence of bases in a
fragment, one base at a time.



Reference
sequence

—— ey

Unknown variant |/

identified and called

Known SNP
called

The data are aligned and compared to a
reference, and sequencing differences are

identified.

7. Determine first base
8. Image first base
9. Determine second base

|0. Image second chemistry
cycle

| I.Sequencing over
multiple chemistry cycles

12.Align data




NGS technologies: Roche 454

* Introduced in 2005 (sequenced Mycoplasma genitalium
genome in one run)

* ~2400 publications (as of Jan.2013) but now defunct

* Sequencing by synthesis: nucleotide incorporation
leads to light emission
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Pyrosequencing

Advantages:

*Very fast

* Low cost per base

* Large throughput; up to 40 megabases/epxeriment

* No need for bacterial cloning (with its associated artifacts);
this is especially helpful in metagenomics

* High accuracy

Disadvantages:
* Short read lengths (soon to be extended to ~500 bp)
* Difficulty sequencing homopolymers accurately



(a) Sequencing primer hybridized 1o single stranded DNA template

5% ...GOACATATCG 3' (primer)

3 .. GEACATATCCCTGGCAAG. .. B PyrosequenCing

(b) Deoxynuclectide incorporation accompanied by generation of pyrophosphate
DNA
polymerase

- P i
|';[Zrl“~.hﬂu.g| + dNTPF ———= N E[I}NM + PFi
() Conversion of pyrophosphate 1o ATP (APS is the substrate adenosine 5' phosphosulfatz)

ATP
sulfurylase

PPI + APS ATP

(d) Conversion of ATP to a phetaen of light

luciferase
luciferin + ATP  —————=  axyluciferin + lioh!

(&) Detection of light

amount
of light 1

(T} Aemoval of ATP and deoxynucleotides between sequencing cycles

apyrase
ATP ————*  ADP + AMP + phosphate

time

apyrase
dMTP —— = dNDP + dNMP + phosphate

(g) Determining the DNA sequence across a series of cyeles
G A - CCG -TT C nucleotide read

amaount

TCGATQC
nucleotide added

—
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A workflow for whole genome sequencing (WGSY)
of individual genomes

|. Select proband(s)
2. Purify genomic DNA
3. Generate paired-end library

4. Design capture beads (e.g.Agilent SureSelect)]| optional;
5. Hybridize in solution >$::|:°r
6. Elute enriched genomic DNA exome
7.Amp|ify | sequencing

8. Next-generation sequencing

9.Align sequence to a human genome reference

|0. Determine coverage (e.g. 30-fold)

| . Identify variants: SNPs, indels (distinguish true
variants from sequencing errors)

|2. Prioritize variants

| 3.Validate variants



Broad clinical workflow for WGS of patients

Overview of the process
Motivation to sequence a patient’s genome
Oversight, IRB, and informed consent
Time frame and costs
Inclusion criteria: identifying appropriate patients
Exclusion criteria: whose genome not to sequence
Data acquisition
Informed consent, blood, and saliva
Obtaining whole genome sequence: the technology
The deliverables: catalogs of genetic variants
Data interpretation
|dentifying candidate genes
Validation



Next-generation sequencing workflow

Stage

Laboratory work

Next-generation sequencing

Analysis pipeline

Quality assessment

Alignment to reference genome

Variant identification

Annotation

Visualization

Prioritization

Storage

Examples/explanation

File formats

Experimental design
Library preparation
Enrichment (capture)

Platforms include llumina,
SOLID, Pacific Biosciences, other

Trimming, filtering
Software: FastQC

Software: BWA, Bowtie2

Single nucleotide variants (SMVs),
structural variants (e.g. indels)
Software: GATK, SAMTools
Realignment, recalibration

Comparison to public database
(dbSNP, 1000 Genomes);
functional consequence scores

Variant visualization; read depth;

comparison to other samples
Software: IGV, BEDTools, BigBED

Discovery of relevant variants
Software: PolyPhen-2, VEP, VAAST

Deposit data in ENA, SRA, dbGaP

Output: FASTQ-Sanger,
FASTQ-lllumina

FASTQ

Reference: FASTA
Output: SAM/BAM

Variant Call Format
(VCF/BCF)

VCF

BAM, VCF



Genome Analysis Toolkit (GATK) workflow
Phase |: data processing

C Raw reads ) Input

Mapping

1

Local realignment

!

Duplicate marking

l

Base quality recalibration

'

( Analysis-ready reads > Output




Genome Analysis Toolkit (GATK) workflow
Phase ll: variant discovery and genotyping

(Samplelreads) (SampleNreads) Input

Y | N
Sructural variation
NPs Indels (SV)
N ! ¥
( Raw variants ) Qutput




Genome Analysis Toolkit (GATK) workflow
Phase lll: integrative analysis

External data

- Population Known Known

Analysis-ready variants
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FASTQ format

The FASTQ format stores DNA sequence data as well as
associated Phred quality scores of each base.

FEAS54 6 Rl 2 1 413 324
EEETTETTI}TETTEAGEGTITETEE_ DNA read

+
:;3;;;:::::::;;?:;:::;;EE_ Base quality score

BEAS54 6 Rl 2 1 540 792

TTGECAGGCCAL GG C AT AT
+

FEAS54 6 R1 2 1 443 343

GTTGCTTCTGGCGTGEGTRGGGGGG
+EA354 6 Bl 2 1 443 348

Prrrzirrrri9:7r:ro7:393333



B&FG 3e
Fig.9-8
Page 392

fey ofey ofey

Dec _ Char Dec Char B& | Dec char BE| Dec char B
0 Non-printing 32 Face 64 @ 31 96 . 63
1 Non-printing 33 ! 0 65 A 32 97 a 64
2 Non-printing 34 ¢ 1 66 B 33 98 b 65
3 Non-printing 35 # 2 67 C 34 99 C 66
4 Non-printing 36 $ 3 68 D 35 100 d 67
5 Non-printing 37 % 4 69 E 36 101 e 68
6 Non-printing 38 & 5 70 F 37 102 f 69
7 Non-printing 39 ‘ 6 71 G 38 103 g 70
8 Non-printing 40 ( 7 72 H 39 104 h 71
9 Non-printing 41 ) 8 73 I 40 105 i 72
10 Non-printing 42 * 9 74 J 41 106 | 73
11 Non-printing 43 + 10 75 K 42 107  k 74
12 Non-printing 44 , 11 76 L 43 108 | 75
13 Non-printing 45 - 12 77 M 44 109 m 76
14 Non-printing 46 . 13 78 N 45 110 n 77
15 Non-printing 47 / 14 79 O] 46 111 o 78
16 Non-printing 48 0 15 80 P 47 112 p 79
17 Non-printing 49 1 16 81 Q 48 113 ¢ 80
18 Non-printing 50 2 17 82 R 49 114 r 81
19 Non-printing 51 3 18 83 S 50 115 s 82
20 Non-printing 52 4 19 84 T 51 116t 83
21 Non-printing 53 5 20 85 U 52 117 u 84
22 Non-printing 54 6 21 86 \Y 53 118 v 85
23 Non-printing 55 7 22 87 w 54 119 w 86
24 Non-printing 56 8 23 88 X 55 120 x 87
25 Non-printing 57 9 24 89 Y 56 121 vy 88
26 Non-printing 58 : 25 20 z 57 122 2z 89
27 Non-printing 59 ; 26 91 [ 58 123 { 20
28 Non-printing 60 < 27 92 \ 59 124 | 91
29 Non-printing 61 = 28 93 | 60 125 } 92
30 Non-printing 62 > 29 94 A 61 126 ~ 93
31 Non-printing 63 ? 30 95 _ 62 127 DH

FASTQ quality
scores use ASCII
characters

...relating quality
scores (e.g. Q30 for
| in 103 error rate)
to a compact, one
character symbol

You do not need to learn the one character symbols, but you
should know the importance of base quality scores in
sequence analysis.




FASTQ format: Phred scores define quality

The FASTQ format stores DNA sequence data as well
as associated Phred quality scores of each base.

Cpygep = —10xlog,(F.)

|10 | in 10 90%
20 | in 100 99%
30 | in 1,000 99.9%
40 | in 10,000 99.99%

50 | in 100,000 99.999%



FASTQ format: Phred scores define quality

Phred quality scores of each base are usually defined:

Opyrep = —10x log, (F,)

There have been alternative base quality definitions:

P
. =—10 X 1o = |.
Qﬁmlu:-;;. gm[l—ﬂ]

Opurep = 10 % log,; (10%se 0 41y,



99% of sequence analysis is on the command line
(Linux or Mac)

Most next-generation sequence (NGS) analysis is done on
the command line. Command line software (using Linux or
the Unix-like platform on a Mac terminal) is capable of
handling the data analysis tasks, and most NGS software is
written for the Unix operating system.

Many people access a Linux (or related Unix) environment
while working on a PC or Mac. For example, you can do
“cloud computing” in which you pay someone (Amazon,
Google, Microsoft) to access their servers. Johns Hopkins has
Linux servers you can access (https://www.marcc.jhu.edu).

The next three slides provide examples of command-line
tools to look at FASTQ-formatted files.



SRA toolkit:
fastg-dump to obtain FASTQ formatted data

5 fastg-dump -X 3 -Z SRR39
Read 3 spots for SRR3IS90728
Written 3 spots for SER390728

@SRR390728.1 1 length=72
CATTCTTCACGTAGTTCTCGAGCCTTGGTTTTCAGCGATGGAGARATCGACTTTGACAAGCTCGAGAGARACGNTNC
+5RR390728.1 1 length=72

0728

@SRR390728.2 2 length=72
AARCGTACGGTCTCETCTGTGTTTTCTACGACGCTTGTGTTCCACGCTGACCCACTCCCTEGEGEGTEGECGEGEGEACTGGET
+SER390728.2 2 length=72
@SRR390728.3 3 length=72
CCAGCCTGGCCAACAGAGTGTTACCCCGTTTTTACTTATTTATTATTATTATTT TGAGACAGRAGCATTGGTC
+5RR390728.3 3 length=72

NCBI offers the SRA Toolkit to manipulate sequence data.
The fastg-dump command can pull FASTQ-formatted

data from an accession number (such as SRR390728).



SRA toolkit:
fastg-dump to obtain FASTA formatted data

5 fastg-dump -X 3 -Z SRR350728 -fasta 36
Read 3 spots for SRR390728

Written 3 spots for SRR350728
»SRR390728.1 1 length=72
CATTCTTCACGTAGTTCTCGAGCCTTGGTTTTCAGC
GATGGAGAATGACTTTGACAAGCGCTGAGAGAAGNTNC
»SRR390728.2 2 length=72
AAGTAGGTCTCGTCTGTGTTTTCTACGAGCTTGTGT
TCCAGCTGACCCACTCCCTGEETGEEGEEGACTGEET
»SRR390728.3 3 length=72
CCAGCCTGGCCAACAGAGTGTTACCCCGTTTTTACT
TATTTATTATTATTATTTTGACGACAGAGCATTGGETC



Finding FASTQ files

There are two main places you can find FASTQ files.
(I) The central repositories at NCBI and EBI

(2) A sequencing core: data are often returned to
investigators in the FASTQ format. (In some cases
the data are returned in the BAM format, discussed
next, from which FASTQ-formatted data can be
retrieved.)



FASTQ format: where to learn more

* FASTQ project page
http://mag.sourceforge.net/fastq.shtml

*You can look at FASTQ files in Galaxy > Shared data >
Data libraries > Sample NGS Datasets > Human lllumina
dataset. Check the box, click Go, and the data are entered
in Galaxy (see the Analyze Data tab where you usually
begin a Galaxy session).

v hiurnan Illumina dataset = Example human Illumina reads fastgsanger

For selected datasets: I Import to current history =] Go |

* Galaxy also offers helpful videocasts about manipulating
FASTQ files.



Example of FASTQ data in Galaxy

ze Data

Analyz

Workflow  Shared Data-= Wisualization=  Cloud~=  Help~-

Tools

search tools

Get Data
Send Data
ENCODE Tools
Lift-Over

Text Manipulation

Convert Formats

FASTA manipulation
Filter and Sort

Join, Subtract and Group

Extract Features

Fetch Sequences

Fetch Alianments

Get Genomic Scores

Operate on Genomic Intervals

Statistics
Graph/Display Data
Regional ¥ariation

Multiple regression

Multivariate Analysis

Evolution
Motif Tools

~|

BGAS:3:100:1035: 1366H0/1
ACTTCTTACCACAAGGCACACCTACACCCCTTATCCCCATACTAGTTATTATCGALACCL
+
ACCCCCBBCCECCEBEBCEEABBCECEANBECECCEAREEEERCAC?ABABEA>EASELRE]
BGAS:3:100:104:143840/1

CGTACGGCCALGGCTATTGGTTGAATGAGTAGGC TGATGGTTTCGATAATALCTAGTATG!
=+

BCEBECCER; : CEREARCEC=CEAEA?1ASS ARBRAOARE (> A?9-90AA7: <7/ COAAL]
BGAS:3:100:1078:111140/1

BACCGCTARCATTACTGC AGGCCACCTACTCATGCACCTAATTGGARGCGCCACCCTAGE.
=+
BCCCCCEBCEEBECCEECEEEECCERERBALREREER ABARLARARA : 08>EEER ALGR <
BGAS:3:100:1086: 182240/1
TGCATGAGTAGGTGGCCTGCAGTAATGTTAGCGGTTAGGCGTACGGCCAGGGCTATTGGT
=+
BEEEALABREREEE?EEEEEE?; E?E?BEABABARE 2 75> 2=A: =1 BAr965>54267=;»5
BGAS:3:100:112: 129440/ 1

GTACGGCCAGGECTATTGGTTGAATGAGTAGGC TGATGGTTTCGATAATAAC TAGTATGS!
=+
BEARBEEEEEEEEEEEEEEEREERAEE 7B« 7 ABR AR AARGAA=A<RA: < 1 757542 1 20
BGAS:3:100:1181:1970#0/1
CTAACCGCTARCATTACTGCAGGCCACCTACTCATGCACC TAATTGGAAGCGCCACCCTAS
+
BCCCEEEECCCECECEEEBECEEREREEEEEEEEEERERREAPEARAARA; 2R 2RA 2 7=
BGAS:3:100:1243: 150540/ 1
CTTCTTACCACARGGCACACCTACACCCCTTATCCCCN TACTAGTTATTATC GAALCCAT:
+
BEECECBEBECEBEAAABR A» AABAER ?=BEEEE><<5%=AAL?ERARBREL?E: BE=; 7Bl
BGAS:3:100:1249:1554#0/1

GGTTGATATTGC TAGGGTGGCGC TTCC AATTAGGTGCATGAGTAGGTGGCCTGCAGTAAT:
+

@E>EEEE?EERE ARG AR : BRAARR A=="R0 A=LRGAR=AESES ?=A2Z L6067 T>=5=6:1 2

sar= Using 1%
= History - &
Unnamed history
406.4 MB it
5: human Illumina @ 8]

dataset
3,621 sequences
format; fastgsanger, database:
hg1l9
uploaded fastgsanger file

@0 #
BEEA5:2:100: 1025: 126680/ 1
ACTTCTTACCACAAFFCACACCTACACCCCTTATC
.
ACCCCCEECCECCEEEECEEAEE CECEREECECCE

EEAE: 2:100: 104: 142580/ 1

CETACGECCAAGECTATT GETT FAAT FAGT AFFCT

LT [ &

4: 083a S2.bam @ %
({Genome Coverane BedGraph)

3: 083a_S2.bam @ K]
{Genome Coverane Histogram]

ol
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Genome assembly

Genome assembly is the process of converting short reads
into a detailed set of sequences corresponding to the
chromosome(s) of an organism.

To learn more about assembly visit
http://[www.ncbi.nlm.nih.gov/assembly/
http://www.ncbi.nlm.nih.gov/assembly/basics/

Assembly

Genome assembly organization and additional information.

Using Assembly Submitting an Assembly Related Resources

Assembly Help Submission Information Genome

Browse by Organism Submission FAQ Genome Reference Consortium

NCBI Assembly Data Model AGP Specifications Genome Remapping Semvice (Remap)
Assembly Basics AGP Validation

Genomes Download FAQ

Genomes FTP Site




Genome assembly: relevance

Genome assembly is needed when a genome is first
sequenced.We can relate reads to chromosomes.

For the human genome, the assembly is “frozen” as a
snapshot every few years.The current assembly is
GRCh38. (GRC refers to Genome Reference Consortium

at http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/)

For most human genome work we do not need to do “de
novo”’ (from anew) assembly. Instead we map reads to a
reference genome—one that is already assembled.

Genome assembly is a crucial behind-the-scenes part of
calling human genome (or other) variants.



Software for genome assembly

Assembler Reference URL

ABySS Simpson et al. (2009) httpe/fwww.bcgsc.ca/platform/bicinfo/software
ALLPATHS-LG Gnerre et al. (2011) http:/fwww.broadinstitute.org/software/allpaths-lg/blog/
SambusZ woren et al. (2011) nttp:/fwww.cbcb.umd.edu/software

CABOG Miller et al. (2008) http:/fwww.jcvi.org/cms/research/projects/cabog/overview/
SGA Simpson and Durbin (2012) https://githulo.com/jts/sga

SCAPdenovo Luo et al. (2012) http://scap.genomics.org.cn/soapdencvo.html

Velvet Zerpino and Birney (2008) http:/fwww.ebi.ac.uk/~zeroino/velvet/

Velvet for assembly.




Genome assembly methods:

overlap graph, de Bruijn graph, string graph

1 ACCTGATC
2 CTGATC
3 TGATC
4 AGCGATC
5 CGATC
6 GATC
7 TC
8 C

A overlap graph

' reads ﬁ * ”

i 0-0-9_

ATG - . :
ATGTG . ™ . > .
ATGTGA . _,. /

de Bruijn graph

ACCTG P CCTGA P CTGAT » TGATC

4
GATCA P ATCAAP TCAAT » CAATG P AATGT ATGTG P TGTGA

AGCGA » GCGAT » ceaTcY

string graph 258 /.

/ AC C .
o e e,
o-0-9



Genome assembly with overlap graph
and de Bruijn graph

DNA sequence with a triple repeat

unique  repeat = unique  repeat  unique ~ repeat  unique genomic DNA

L — L L Ll

] sequencing
reads

oon L

Construction of de Bruijn de Bruijn graph
graph by gluing repeats
G ) .

SR B

Y Y




de Bruijn graphs resolve assembly with higher k values

E. coli K12 (k=1,000) E. coli K12 (k=5,000)
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Next-generation sequence: the problem of alignment

Program Website Open source? Handles ABIl color space? Maximum read length
Bowtie hitp:fhowtie .chech.umd.edu Tes Mo Mone

BAA, hitp:/fmag.sourceforge net'bwa-man.shtml Tes YES Mone

Man hitp:/fmag.sourceforge.net Tes YES 127

Mosails hitp:fbicinformatics . be edu/marthlab/Mosaik Mo YES Mone
Mowvoalign  hitpofessna novocraft.com Mo Mo Mone

SOAPZ http:/fsoap.qenomics.org.cn Mo Mo ll]

ZO0M http:MAhanana bioinfor.com Mo Tes 240

Fram: Mat Bictechnal. Author manuscrint, available in PRC 2070 higy 1.
Publizhed in final edited form as:
Mat Bictechnol, 2009 ey, 27050 455457,
doi 10 103%nkEt0503-455.

Recent software tools allow the mapping (alignment) of
millions or billions of short reads to a reference genome.

--For the human genome, this would take thousands of

hours using BLAST.

--Reads may come from regions of repetitive DNA
(exacerbated by sequencing errors)



-C3
-3
3

| I |
1 1 0
o

3
3
=

&nit-riini':nibni':ni':ni':ni':nibni
'y

|
i

_'?_
_'_II'_
_'?_
_'?_
_'_II'_
_'?_
_'?_
_'_II'_

Alignment to a reference genome: example of
short-read alignment (Bowtie) results

References to which
reads match

~C5 7 1 743 1918
-C5 7 1 208 1926

1 176 1938
1 157 1953
1 876 1933
1 681 1981
1 248 744

1 625 1953
1 _650_1988
1 206 1544

+ 4+ + + + 1

2410C3
TeeH19
Te0OL22
57Le
Te0L2 2
Te0OL22
2410C3
205J11
100J8
Te0La2

2156
71940
132731
111040
126207
102270
295493
7292
117470
Q=020

reads

ATTTAAATCARATTTTTCTCTATALC
GTATCATCGGCCATGGTCACTCATAT
GEEEAAGTAATAGATTTACGGGTCA
GTTTCCTTATC TG TAGRAGGGGETAL
GUATTAGCARAC TTAARAALATGTTT
GATTGAATATCAGGTC TG TACAALR
TGTATCCATATACTTACAGTTTCALC
ACARGCCTCTAGALRCAGATAGTTTC
TTTGAALARGRAGGTGETGALARATTEC
TTARAGTCTTTTGCALGC TGTETCAC

quality scores

0;7IIIGIIIIOOCS; I; ITIIIIIS
$ISIGRIRISE=BCASI'Z/) ., )40
$TIITTIIIIITITIIISI=III=7;I1%=
SIIIIIIIIIIGIIEIIISIIZI>, [
STIITIIIIIIIIIIIAF:<9=3II:I
$IGITIFIITIICDEI4) IT<E7664&*
£9,589087II+E5</4>+II4I8I1%
4+>1<0:34@>7?II6IITIDITII?ELS
,10TCIISFIAGHATITIIITIIIRIIS
04)2).8.31;:4>7+E:6I2IF21%
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2668
2661
2662
2663
Z2bbd
2665
Z2bbb
2667
2663
26g9
2678
2671
2672
2673
2674
2675
2676
2677
2678
2679
2638
2681
2632
2633
26384
2635
2636
2687
2638
2639
Z2e9@
2691
2692
2693
2694
26895
2696

- OO RO EOODEDREOOOEREEOOO0ERED RO OOODE OO

37

|
@JJJJJ'JJTJ'J'JJ"J".I'J"JJ'JJJJ

L I

Reference sequence

AN

(5 Mb, fasta format)

Read depth

@y eppensppapennguannapagangen Reference Sequence A;
@EEGGEGGGGEGEEEGEEEEGEGEEGEEGE<

Sample has G 29 times

.and , denote agreement with
reference on top, bottom

31 @JJJ:'J'JJ"J"J'J"J:':JJJ':"'
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BWA: a popular short-read aligner

* Aligns short reads (<200 base pairs) to a reference
genome

* Fast, accurate
* Learn more at http://bio-bwa.sourceforge.net/

* Command-line software for the Linux environment (like
essentially all NGS tools)

* Try it in a web-accessible version! Go to Galaxy > see list

of tools on left sidebar > NGS Toolbox beta > NGS:
Mapping > Map with BWA for lllumina



Next-generation sequence data: visualizing of short
reads aligned to a reference genome

T_"_ BT T INPTIE b ANTT 1

reads

variant

|| ||LL\'.'I'.I'.'E'I'-I'.I'.TT-I'.'I'I.I'.'TTI'.'i.-l'.-l'..J.i.ll'.-'l.I'.'El.I'.T:.ll'.-I'.

reference genome




Reads (FASTQ format) can be mapped to a reference
genome using software tools such as BWA

* There are dozens of aligners to choose from.
* Each aligner has many parameters you can choose.
* BWA is a popular aligner. It stands for “Burroughs-

Wheeler Aligner” referring to the algorithmic approach.
See http://bio-bwa.sourceforge.net



Reads (FASTQ format) can be mapped to a reference
genome using software tools such as BWA (cont.)

* Considerations are speed and sensitivity.

* For all software we measure error rates: using some gold
standard we define true positive (TP) and true negative
(TN) results, and we then define sensitivity and specificity.

* A standard format has been introduced called Sequence
Alignment/Map (SAM). Its binary version (which is
compressed) is called BAM.

* Google SAM/BAM for specifications & more information.



As repeat regions share lower identity,
read mapping gains higher confidence

Relatedness of repeat copies

100% identity

—-

Read mapping confidence

Source: PMID 22124482



There is ambiguity mapping a read with a

mismatch versus a deletion

location 1 (mismatch) location 2 (deletion)

. . TTTAGAATGAGCCGAGTTCGCGCGCGGGTAGAAT-AGCCGAGTT . . .

NEREEEEEREEN EEREEEEEREEN
AGAATTAGCCGAG AGAATTAGCCGAG

13 bp read 13 bp read

genomic DNA

Source: PMID xxoooooex
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BWA and other aligners produce output in the SAM format

Column Description

QNAME (Query (pair) NAME
FLAG bitwize FLAG
FNAME EReference sequence NAME
l-hazed leftmost POSitionScoordinate of clipped zedquence
MAP() MiPping Quality [(Phred-zscaled)
CIGAE extended CIGAE =tring
MENM Mate BEeference secquence NaMe ('=' 1f same as BENAME)
MPOS l-bazed Mate PO5ition
ISIZE Inferred insert 31ZE
10 3EQ query SEQuence on the same strand asz the reference
11 QUAL query QUALity (ASCII-33 gives the Phred base cquality)
12 OPT variable 0PTional fields in the format TAG:VIYPE:VALT

W oo -] oy n s L [ B
H
=
i



Sequence alignment/map format (SAM) and BAM

* SAM is a common format having sequence reads and
their alignment to a reference genome.

* BAM is the binary form of a SAM file.

* Aligned BAM files are available at repositories (Sequence
Read Archive at NCBI, ENA at Ensembl)

* SAMTools is a software package commonly used to
analyze SAM/BAM files.

*Visit http://samtools.sourceforge.net/



Anatomy of a Sequence Alignment/Map (SAM) file

(1) The query name (2 Thefl agalueis163 (3) The reference sequence

of the read isgiven (thisequals 1+2+32+128) name, chrM, refersto the
M01121...) mitochondrial genome

(4) Position 480 isthe (5) The Phred-scaled (6) The CIGARSstring (148M25S)
left-most coordinate mapping quality is 60 shows 148 matches and 2 soft-
position of thisread (an error rate of 1 in 10°) clipped (unaligned) bases

home/bioinformatics$ samtools view 030c_S7.bam | less
M01121:5:000000000-A2DTN:1:2111:20172:15571 163 chrM
480 60 148M2s5 = 524 195 AATCTCATCAAT
ACAACCCTCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATACCCCGAACC
AACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAAGCAATAACC
TGAAAATGTTTAGACGGG

RG:Z:Sample’ XC:1:148 XT:A:U NM:1:3 SM:1i:37
AM:1:37 X0:1i:1 X1:1i:0 XM:1:3 X0:1:0 XG:1i:0 MD:Z2:19C109COA17

(7) An = sign showsthat (8) The 1-based left (9) The insert size
the mate reference matches  positionis524 iIS195 bases
the reference name

(10) The sequence begins (12) Thisread has
AATCT and endsACGGG additional, optional
(itslength is 150 bases) fi e dst at accompany

the MiSeq analysis



Anatomy of a Sequence Alignment/Map (SAM) file

(1) The query name
of the read isgiven
(M01121...)

The $ symbol indicates a
command prompt in Unix

In this example we’ll look at a file called
030c s7.bam.ltisa BAM file (the
binary of a SAM). Most software
manipulates BAM files rather than SAM.

home/bioinformat?
M01121:5:000000000

AN

ACAACCCTCGCCCATC
AACCAAACCCC
TGAAAA TAGACGGG

480 60 148M2 = 524 195 AAT\CATCAAT
CCAGCACACACACACCGCTGCTAACCCCATACCOCCGAACC

ACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAAGCAATAACC

(

chrM

Type samtools to run that

program, and it includes a series of

tools (such as view) to

accomplish particular tasks—here, (2=

to view the contents of a file

The | symbol (called “pipe”)
indicates to send the results
to another program—in this

case to the utility called
521 1ess that displays one page

w

(10) The sequence begins
AATCT and endsSACGGG
(itslength is 150 bases)

at a time on your terminal.

(&) TrioTreua 1o
additional, optional

fi e dst at accompany
the MiSeq analysis



SAMTools tview visualization of reads from a BAM file

There are many tools to view SAM/BAM files. A popular
software package (SAMTools, used in Linux) includes tview

visualization of reads from a BAM file




|GV visualization of reads from a BAM file
x|

W' Available Datasets =
- [~ Annotations
- [~ The Cancer Genome Atlas (T)
- [~ ENCODE
- [ Body Map 2.0 (Hlumina Hiseq)
- ¥ 1000 Genomes (1)
= W Alignments
= W Ace
= W exome
® [l HE01879 exome
----- [T HGEO1830 exome
----- [T HGEO1832 exome
----- [T HGEO1833 exome
----- [T HGEO1835 exome
----- [T HGEO1336 exome
----- [T HGEO1839 exome
----- [T HGEO1890 exome
----- [T HGEO1394 exome
----- [T HGEO1896 exome
----- [T HGEO1912 exome
----- [M HGEO1914 exome
----- [T HGEO1915 exome
----- [T HGEO1956 exome
----- [T HGEO1958 exome
----- [T HGEO1935 exome
----- [T HGEO1986 exome
----- [T HGEO1938 exome =

..... | R TaTo T T 11 o Wy
| oK I Cancel |

Step (1): open IGV (Mac or PC) from its website
Step (2): File > Load from server > load one exome



|GV visualization of reads from a BAM file
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Step (3): enter a gene symbol (HBB) into the search box.
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HGO01879 exome
Rename Track...
Copy read details to dipboard
Group alignments by
Sort alignments by
Color alignments by

v | Shade base by quality

» || Show mismatched bases
Show all bases

View as pairs

Co to mate

VIEW Mate region in spit screen

Setinsert size options ...
Re-pack alignments

v || Show coverage track
Load coverage data...
Collapsed

v || Expanded
Squished
Select by name...
Clear selections
Remave Track

Sawe image...

|GV visualization of reads from a BAM file

=lolx

File Genomes View Tracks Regions Tools GenomeSpace Help

Human hg19 vl chril vld-.r11:5,244,696-5,250,301 o Ft « » @& [0 = 1 RN (N

-
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pl154 pls.2 pld3 pl3 pl2z  pli2 pllll ql12.2 ql3.2 ql3.5 ql4d.2 q21 q22.2 q231 q23.3 q24.2 q25
;EJ: u - 5,595 bp -
wh 5,245,000 bp 5,245 000 bp 5,247,000 bp 5,248,000 bp 5,249,000 bp 5,250,000 bp
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=00 e
- 3a1] -
HGO1878 exome Coverage - I
¥
'8 exome
¥
-
=il - =
Genes HEE

Step (4): explore this gene. Zoom in. Click the
left sidebar to change the display to squished.
Color the alignments. Find variants.




Integrative Genomics Viewer (IGV):
ay of a BAM file (at two resolutions) and a VCF
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Genotyping with Genome Analysis Toolkit (GATK)

Popular suite of tools used for genotyping and variant discovery

NGS DATA PROCESSING

L Raw Reads ]

Mapping

Duplicate Marking
Local Realignment
Base Quality Recalibration

[ Analysis-ready Reads j

http://www.broadinstitute.org/gatk/



Genotyping with Genome Analysis Toolkit (GATK)

VARIANT DISCOVERY INTEGRATIVE ANALYSIS
AND GENOTYPING

( Raw Variants ] [ External Data}

[Sample 1 ReadsJ LSampIe? Readsj

- Variant Quality Recalibration

Call Variants 4
Genotype Refinement

[ SNPs H Indels} Structural Variant Evaluation
Variations

Raw Variants Analysis-ready Variants

http://www.broadinstitute.org/gatk/
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Categories of structural variation (SV)
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Categories of structural variation (SV): deletions

Read
SV class Assembly Read pair depth Split end
ﬂ - \—p.\ _ /:4—‘, :—___—__—:_—:@—E;:_—f 4“\4—‘_?
Deletion — | [ = e
Contig 4 Assemble

Source: PMID 21358748



Categories of structural variation (SV): insertions
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Categories of structural variation (SV): inversions
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Categories of structural variation (SV): duplications
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Variant Call Format (VCF) file summarizes variation

AVCEF file includes the following information:

Column Mandatory Description

CHROM Yesg Chromosome

POS Yes 1-based position of the start of the variant

o Yes Unique identifier of the variant; the dbSNP entry rs1413348 is given in our example

REF Yes Reference allele

ALT Yeg A comma-separated list of alternate nonreference alleles

QUAL Yes Phred-scaled quality score

FILTER Yes Site filtering information; in our example it is PASS

INFO Yes A semicolon-separated list of additicnal information. These fields include the gene identifier
3l [nere the gene is NEGR1); the transcript identifier Tl {(here MM _173808); and the functional
consequence FC (here a synonymous change, T294T).

FORMAT Mo Defines information in subsequent genotype columns; colon separated. For example,
GTAD:DPGOPLVFGOX in cur example refers to genotyoe (GT), allelic depths for the ref
and alt alleles in the order listed (AD), approximate read depth (reads with MQ=255 or with
pad mates are filtered) (DP), genotype quality (GO, normalized, Phred-scaled likelinoods for
genotypes as defined in the VCF specification (PL), variant frequency, the ratio of the sum of the
called variant depth to the total depth (VF), and minimum of {genotype quality assuming variant
position, genotype quality assuming nonvariant position} (GXC).

Sample Mo Sample identifiers define the samples incduded in the VCF file




Variant Call Format (VCF) file summarizes variation

AVCEF file includes the following information:

Column Mandatory Description

CHROM Yesg Chromosome

POS Yes 1-based position of the start of the variant

o Yes Unigue identitier of the variant; the dbSMNP entry rs1413368 s given in our example

REF Yes Reference allele

ALT Yeg A comma-separated list of alternate nonreference alleles

QUAL Yes Phred-scaled quality score

FILTER Yes Site filtering information; in our example it is PASS

INFO Yes A semicolon-separated list of additicnal information. These fields include the gene identifier
Gl (here the gene is NEGR1]; the transcript identifier Tl (here NM_173808); and the functional
consequence FC (here a synonymous change, T294T).

FORNMAT Mo Defines information in subsequent genotype columns; colon separated. For example,
GTAD:DPGO:PLYFGOX in cur example refers to genotyoe (GT), allelic depths for the ref
and alt alleles in the aorder listed (AD], approximate read depth (reads with MO=255 or with
pad mates are filtered) (DP), genotype quality (GO, normalized, Phred-scaled likelinoods for
momehenos ge dlafings in tho WCE omaeification (211 wuaniant feons ioneu Hoo eotic of tho gioee oF $0

A typical VCF file from a human whole exome sequence

Sample ng experiment may contain ~80,000 rows. A typical human

whole genome sequence experiment produces a VCF
with ~4 million rows.




Variant Call Format (VCF) file summarizes variation

VCF header

##fileformat=VCFv4.1
##FORMAT=<ID=AD, Number=., Type=Integer,Description="Allelic depths...
##FORMAT=<ID=DP, Number=1, Type=Integer,Description="Approximate read depth...
##FORMAT=<ID=GQ, Number=1, Type=Float, Description="Genotype Quality">
##FORMAT=<ID=GT, Number=1, Type=String, Description="Genotype">
##FORMAT=<ID=VF, Number=1, Type=Float,Description="Variant Frequency...
##INFO=<ID=TI,Number=.,Type=String,Description="Transcript ID">
##INFO=<ID=GI, Number=.,Type=String, Description="Gene ID">

##INFO=<ID=FC, Number=., Type=String, Description="Functional Consequence">
##INFO=<ID=AC, Number=A, Type=Integer, Description="Allele count...
##INFO=<ID=DP, Number=1, Type=Integer,Description="Approximate read depth...
##INFO=<ID=SB, Number=1, Type=Float, Description="Strand Bias">
##FILTER=<ID=R8, Description="IndelRepeatlLength is greater than 8">
##FILTER=<ID=SB, Description="Strand bias (SB) is greater than than -10">
##UnifiedGenotyper="analysis type=UnifiedGenotyper input file=...
##contig=<ID=chrl, length=249250621>

##contig=<ID=chrl0, length=135534747>



Variant Call Format (VCF) file summarizes variation

VCF field definition line and first row of body

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT Sample?

chrl 72058552 rs1413368 G A 7398.69 PASS
AC=2;AF=1.00;AN=2;DP=250;DS5;Dels=0.00;FS=0.000;HRun=1;HaplotypeScore=3.8533;
MQO=50.89;MQ0=0;0D=29.59;5B=-4337.33; TI=NM 173808;GI=NEGR1; FC=Synonymous
T296T GT:AD:DP:GQ:PL:VF:GQOX 1/1:0,250:250:99:7399,536,0:1.000:99

Fields include chromosome (CHROM), position, identifier
(e.g. rsID), reference allele, alternate allele, quality score, and
extensive data (e.g. haplotypes, read depth, quality scores,
functional consequences, accession numbers)



Variant Call Format (VCF) file summarizes variation

SNP Insertion
Alignment  VCFrepresentation Alignment  VVCFrepresentation
1234 POS REF ALT 12345 POS REF ALT
ACGT 2 C T AC-GT 2 C CT
ATT ACTGT

Deletion Replacement
Alignment  VCFrepresentation Alignment  VCFrepresentation
1234 POS REF ALT 1234 POS REF ALT
ACGT 1 ACG A ACGT 1 ACG AT
A--T A-TT

i i

Large structural variant

Alignment VCFrepresentation
100 110 120 290 300 POS REF ALT INFO
ACGTACGTACGTACGTACGT([...]ACGTACGTACGTAC 100 T <DEL> SVTYPE=DEL;END=29¢
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Visualizing and tabulating next-generation sequence data

There are many ways to visualize BAM files.

* Try Genome Workbench from NCBI

* Upload your BAM file to a server and point to it using
the UCSC Genome Browser

* Use Integrative Genomics Viewer (IGV)
* Use samtools tview

We will next explore BEDtools, a set of programs used to
analyze BAM, GTF, BED,VCEF and other file types.



BEDtools to explore genomics data

Download and install bedtools:

mkdir bedtools # Working on a Mac laptop, let's start by making a
directory called bedtools

mv -/Downloads/bedtonls2-2.19.1/ -~/bedtools/ # we'll move the
downloaded directory from Downloads

cd bedtools/ # navigate into the directory called bedtools

lz # Look inside our directory; it has the bedtools directory we just
downloaded and copied

bedtoolsz-2.19.1

5 cd bedeoolsz2-2.19.1/

5 1s § Here are the files

LICENSE README.md

bin docs genomes scripts test

Makefile RELEASE HISTORY data genome obj sro

S make # this command compiles the software

3= 4 4% 3 4T IE 4T

Place the executables in your path:

& sudo cp bin/* fusr/local/bin/



BEDtools example |I: What RefSeq coding
exons differ between GRCh37 and GRCh38?

Use BEDtools intersect. General format of a query:

5 bedtools intersect -a reads.bed -b genes.bed
Our query:

5 bedtools intersect -a chrll hgl® RefSeqCodingExons.bed -b
chrll hgl9 hg3gdiff.bed | head -5

chrll 369803 369954 NM 178537 eds 0 0 chrll 369804 f 0O
chrll 372108 372212 NM 178537 cds 1 0 chrll 372109 f 0O
ehrll 372661 372754 NM 178537 eds 2 0 chrll 372662 f 0
chrll 372851 372947 NM 178537 cds 3 0 chrll 372852 f 0
ehrll 373025 373116 NM 178537 ecds 4 0 chrll 373026 f 0
5 bedtools intersect -a chrll hgl9 RefSeqCodingExons.bed -b
chrll hgl9 hg3gdiff.bed | we -1 # This shows the number of exons
# having differences

DEBG

o+ * + + +



BEDtools example 2: What is the closest
chromosomal gap to every RefSeq exon?

Here is a BED file of all gaps on chromosome | I:

chrll
chrll
chrll
chrll
chrll
chrll
chrll
chrll
chrll
chrll
chrll
chrll
chrll
chrll
chrll

0 10000

10000 &0000

1162755 1212755
50783853 50B33853
50833853 51020853
51040853 51050853
51594205 51624205
51644205 54524205
52644205 54554205
690859801 651339801
69724695 65T7746895
B7688378 BTTIB3TH
Ge2875EL2 96437584
132346516 132996516
134996516 135006516

Each chromosome has gaps at the telomeres, at the

centromere, and at other locations that have been too
challenging to sequence.




BEDtools example 2: What is the closest
chromosomal gap to every RefSeq exon?

We use the bedtools closest utility. Here are the
results:

% bedtools closest -a chrll hgl9 RefSeqCodingExons.bed -b
chrll hgl% gaps.bed

chrll 193099 193154 MM 001097610 cds 0 0 chrll 153100 £ 0 +
chrll 10000 50000 # this ends the first record

chrll 193711 193911 MM 001097610 eds 1 0 chrll 153712 £ 0 +
chrll 10000 s0000 # end of second record

chrll 194417 194450 MM 001097610 eds 2 0 chrll 154418 £ 0 +
chrll 10000 s0000

chrll 193099 193154 NM 145651 cds 0 0 chrll 193100 £ 0 +
ohyll 10000 &0000

chrll 193711 193911 NM 145651 cds 1 0 chrll 193712 £ 0 +
ohyll 10000 &0000

chrll 194417 194450 NM 145651 cds 2 0 chrll 194418 £ 0 +
ohyll 10000 &0000



BEDtools example 3: How much of a
chromosome (or a genome) is spanned by gaps!

We use the genomecov (genome coverage) utility, and use
the —g argument to specify a genome. Here are the results:

% bedtools genomecov -i chrll hglS gaps.bed -g .. /genomes/human.hgl9.
genocme

chrll 0 131129516 135006516 0.9712B3

chrll 1 3877000 135006516 0.0287171

genome 0 3133284264 3137161264 0.598764

genome 1 IET7TO00 3137161264 0.00123583

2.87% of the chromosome (0.0287),and 0.1% of the
genome is spanned by gaps.
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Prioritizing variants and assessing functional significance

This section is organized in two parts.

(1) We will look at software that is used to assess which
variants are functionally significant. Over 50 programs

have been introduced.We will mention three: SIFT,
PolyPhen, and VAAST.

(2) NCBI offers databases, browsers and software tools to
understand functionally important variants.VWe will
introduce four NCBI resources.



Neutral versus deleterious variation

For each genome, we can expect to identify ~4 million
variants that are exonic, intronic, or intergenic.We first
focus on exonic variants. Of these, there are ~1 1,000
synonymous SNPs (not changing the amino acid specified by

the codon; likely to be benign) and ~11,000 nonsynonymous
SNPs.

We also consider indels (some of which introduce stop
codons), homozygous deletions, splice site mutations, or
other changes that may disrupt gene function.



Approaches to distinguish neutral from deleterious
nonsynonymous variants

Most DNA is under neutral selection (not under positive or
negative selection). Some variants are deleterious. How can
we classify | 1,000 nonsynonymous SNPs in a genome?

--Conservation: determine conservation of an amino acid
across species

--Structure: determine (or predict) effect of a variant on
protein structure

--True positives: train algorithms on a database of known
disease-associated mutations (OMIM)

--True negatives: train algorithms of a set of variants in
‘apparently normal’ individuals (1000 Genomes)



Software to distinguish neutral from deleterious
nonsynonymous variants

PolyPhen2 (Polymorphism Phenotyping v2) is a tool which
predicts possible impact of an amino acid substitution on
the structure and function of a human protein using
straightforward physical and comparative considerations.

http://genetics.bwh.harvard.edu/pph2/
SIFT predicts whether an amino acid substitution affects
protein function based on sequence homology and the

physical properties of amino acids.

http://sift.jcvi.org/



Example: SIFT and Polyphen scores for HBB

Results Summary

3] Follow the link to the gene

Your search of Human with 'hbbk' returned the following results:

1] Visit http://www.ensembl.org/human
2] Enter hbb in the search box =

east

BLAST/BLAT | BioMart | Tools |

Human {GRCh37)

Human

Homo sapiens

hiak

hemaoglobin, beta [Source: HGHC Symbol,Acc 4827 [Type: protein coding
Ensembl/Havana merge genes]

ENSG00000244 734

11:5246694-5250625:-1

By Feature type By Species
Total i) Total i
= Cene 2 = Hurman 856
* Marker
B Somatic mutation 3
* Transcript
= “ariation 48
HEBB
Description
Gene ID
Location
Variations

Variation Table

Source

=1t



Ensembl “Variation Table” for HBB shows SIFT and PolyPhen scores
for nonsynonymous variants (note they disagree)

Missense variants B [back to top]
e
show [N entries Showihide columns
ID Chr: bp Alleles Class Sourc Type AR AR SIFT Poly
e COOr & Phen
d
rs121909815 11:5248247 A SMP dbSHNP Missense WA, pRN (01 N 0119 |
variant
rs121909830 11:5245247 AT SMP dbSMNP Missense WIG 2 no7 W 0.007
variant
rs121909815 11:5245247 A SMP dbSHNP Missense s e (01 N 0119 |
variant
rs121909830 11:5245247 AT SNP dbSNP Missense WIG e B (01 N 0.007
variant
rs33950358  11:5245248 CIT/A SMP dbSNP Missense Wil 2
variant
rs33958358  11:5245248 CITIA, SMNP dbSNP Missense Wil 2
yariant
rs33950358  11:5245248 CIT/A SMP dbSMNP Missense Wil 2
yariant
rs33958358  11:5245248 CATIA, SNP dbSNP Missense Wil 2
yariant
rs35906307  11:5245245 GiA SMP dbSMNP Missense H 3

variant



VAAST: probabilistic tool for disease variants

* VAAST (Variant Annotation, Analysis & Search Tool) is a

probabilistic search tool used to identify disease-causing
variants.

* VAAST calculates amino acid substitution frequencies for

healthy genomes and disease genomes (both of these differ
from standard BLOSUMé62).



NCBI tools to understand variation

= NCBI Resources (¥ How To (¥

-
(-:;NCB] [ All Databases : ]

Mational Center for
Biotechnology Information

NCBI Home Welcome to NCBI
Resource List (A-Z) The National Center for Biotech
e biomedical and genomic informe
Chemicals & Bioassays About the NCBI | Mission | Or
Data & Software

DNA & RNA Submit
Domains & Structures Deposit data or manuscripts

into NCBI datab
Genes & Expression in atabases

Genetics & Medicine

Genomes & Maps

Homology

Literature

Proteins

Sequence Analysis Develop

Taxonomy Use NCBI APls and code

FrOm the home Page Of NCBI : 2 \ris libraries to build applications

choose Variation




NCBI tools to understand variation

Variation

All | Databases | Downloads | Submissions | | Tools | How To EXPI ore Variati on

Databases databases, tools, guides

BioProject (formerly Genome Project)

A collection of genomics, functional genomics, and genetics studies and links to their resulting datasets. This resource
describes project scope, material, and objectives and provides a mechanism to retrieve datasets that are often difficult to
find due to inconsistent annotation, multiple independent submissions, and the varied nature of diverse data types which
are often stored in different databases.

ClinVar

A resource to provide a public, tracked record of reported relationships between human variation and observed health
status with supporting evidence. Related information in the NIH Genetic Testing Registry

(GTR), MedGen, Gene, OMIM, PubMed and other sources is accessible through hyperlinks on the records.

Database of Genomic Structural Variation (dbVar)

The dbVar database has been developed to archive information associated with large scale genomic variation, including
large insertions, deletions, translocations and inversions. In addition to archiving variation discovery, dbVar also stores
associations of defined variants with phenotype information.

Database of Genotypes and Phenotypes (dbGaP)

An archive and distribution center for the description and results of studies which investigate the interaction of genotype
and phenotype. These studies include genome-wide association (GWAS), medical resequencing, molecular diagnostic
assays, as well as association between genotype and non-clinical traits.




NCBI tools to understand variation: (1) PheGenl

Welcome to PheGenl Youlld Tutorial

The Phenotype-Genotype Integrator (PheGenl), merges NHGRI genome-wide association study (GWAS) catalog data with several databases housed at
the Mational Center for Biotechnology Information (NCBI), including Gene, dbGaP, OMIM, GTEx and dbSNP. This phenotype-criented resource, intended
for clinicians and epidemiologists interested in following up results from GWAS, can facilitate prioritization of variants to follow up, study design
considerations, and generation of biological hypotheses. Users can search based on chromosomal location, gene, SNF, or phenotype and view and
download results including annotated tables of SNPs, genes and association results, a dynamic genomic sequence viewer, and gene expression data.
PheGenl is still under active development. Currently, the phenotype search terms are based on MeSH and will be enhanced with additional options in the
future.

Search Criteria http://www.ncbi.nlm.nih.gov/gap/phegeni

Search Clear Examples...

Phenotype Selection ﬂ Genotype Selection ﬂ

T'E'H_f': - Location Gene SNP
szeeirenia | Phenotype-Genotype

Integrator: enter a disease, Chromosome: [ :

N . Range (bps):

trait, gene (or list of gene fromo

symbols, location). Search!
Browse... SMP Functional Class

EXon imtrizn neangens UTR | Clear Inwert
P-Value: <1x10 Sourca: [Any] =

Search Clear Examples...



Search Results

NCBI tools to understand variation: (1) PheGenl

Association Results» 1 - 50 of 249
Genes » 1-500of 63
SMNPs » 1-48 of 48
eQTL Data » 1=-7of 7
dbGaP Studies » 1-110f11
Genome View » Retrieving...
Modify Search Show All Hide All
» Search Criteria
~ Association Results
1- 50 of 249 Mext> Page| 1 | Go
# Trait = rs # Context 2
1 Schizophrenia rs6932590 intergenic
2 Schizophrenia rs2021722 intron
3  Schizophrenia rs1635 missense
4 Schizophrenia rs11038167 intron
5 Schizophrenia rs11038167 intergenic
6 5Schizophrenia rsl625579 intergenic

Searched by phenotype trait.
Searched by gene IDs retrieved from page 1 of association results.
Searched by SNP rs numbers retrieved from page 1 of association results.
Searched by SNP rs numbers retrieved from page 1 of association results.
Searched by traits retrieved from page 1 of association results.

PheGenl output: list of

implicated genes, SNPs,
association results, more.

@ -
@ - ;

Download Modify Search

Source #

Gene s Location P-value =
PRSS516, TRNAIZEP 6. 27,248,931 1.000 x 10-12 NHGRI
TRIM26 6: 30,174,131  2.000 x 10-12 NHGRI
NEAPL 6: 28,227,604 | 7.000 x 10-12 NHGRI
TSPANI1E 11: 44,843,134  1.000 x 101! NHGRI
RPL34P22, TSPANI1A 11: 44 843,134 1.000 x 10°12 NHGRI
RPL2&6PS, FL135409 1: 98,502,934 2.000 x 10-11 NHGRI

Study =+

PubMed +

19571808
21926974
22037552
22037552
22037552
21926974



NCBI tools to understand variation: (2) ClinVar

ClinVar | Clinvar : ]

Advanced Help

Home About * | Access ¥ | Using the website + | How tosubmit = | Statistics v | FTPsite =

ACTGATGGTATGGGGCCAAGAGATATATCT :
CAGGTACGGCTGTCATCACTTAGACCTCAC T

CAGGCCTGGGCATAAAAGTCAGGGCAGAGC ClinVar aggregates information about genomic variation and its relationship to human health.

CCATCGTGCATCTGACTCCTGAGGAGAAGT

GCAGGTTGGTATCAAGGTTACAAGACAGGT  http://www.ncbi.nlm.nih.gov/clinvar/
GGCACTGACTCTCTCTGCCTATTGGTCTAT

Using ClinVar Tools Related Sites
About ClinVar ACMG Recommendations for Reporting of ClinGen

Incidental Findi
Data Dictionary Aoidemal Hndings GeneReviews®

Clinical Remapping - Between assemblies and
RefSeqGenes

RefSeqGense/LRG

Downloads/FTP site
FAC

GTR®E
MedGen

ClinVar:“A resource to provide a public, tracked record of reported
relationships between human variation and observed health status
with supporting evidence. Related information in the NIH Genetic

Testing Registry (GTR), MedGen, Gene, OMIM, PubMed and other
sources is accessible through hyperlinks on the records.”




NCBI tools to understand variation: (2)

ClinVar

pevsner My NCBI Sig

[ Soarh)

&= NCBI Resources [¥| How To [
ClinVar [ Clinvar : | hbb[gene] |
Create alert Advanced
Home About * | Access ¥ | Using the website =  How tosubmit = | Statistics = | FTPsite -
Gene Tabular = 100 per page » Sort by Location =

Customize this list...

Clinical

significance

Conflicting
interpretations (2)

Benign (17)

Likely benign (11)

Uncertain
significance (18)

Likely pathogenic (25)

Pathogenic (156)

Review status
Multiple subrmitters (5)
Single submitter (74)
Al least one star (B0)
Conflicting
interpretations (1)

Allele origin
Germline (569)
Somatic (1)

Method type
Literature only (568)
Clinical testing {72)

Molecular
consequence
Frameshift (36)
Missense (385)
Nonsense (11)
Splice site (8)

L Showing for results for variants in the hbb gene. Search instead for all ClinVar records that mention hbb

Search results

ClinVar: result for “hbb”

Items: 1 to 100 of 581 Page |1
o Clinical
Variation "
Fecaiion Gene(s) Condition(s) Frequency significance
{Last reviewead)
(]  HBB, 3-UNT, T-A +3 HEB Beta-plus- Pathogenic
1. thalassemia (Aug 1, 2004)
(1 HBB, 1-BP DEL HEBB Beta-thalassemia Pathogenic
dominant (Feb 1, 2002}
[ chr11:g.(LOH11A HBB)del HEB Thalassemia Pathogenic
3. intermedia (Jan 12, 2002)
[ HBB,-101C-G HEB Beta-plus- Pathogenic
thalassemia (Sep 1, 2004)
(] HBB,LEU31ARG HBB HEMOGLOBIN other
5. HAKKARI (Mar 14, 2013)
[ HBB,IVS2AS, G-A, -1 HEB beta®04 Pathogenic
Thalassemia (May 1. 1995)
[l HBB,IVS2 G-C -1 HBE betat0* Pathogenic
Thalassemia (Mar 1, 1882}

Hel|

Download: -

of 6  MNext > | Last>>

Review status

no assertion criteria
provided

no assertion criteria
provided

no assertion criteria
provided

no assertion criteria
provided

no assertion criteria
provided

no assertion criteria
provided

no assertion criteria
provided



Gene
Customize this list...

Clinical
significance

Likely pathogenic (1)
+ Pathogenic (3)

claar

Review status claar

+ Multiple submitters (3)

Al least one star (3)

Allele origin
Germline (3)

Method type
Literature only (3)
Clinical testing (3)

Molecular
conseguence

claar

+ Missense (3)

Variation type
Single nucleotide (3)

Complexity
Simple (3)

Variant length
Less than 51 bp (3)

NCBI tools to understand variation: (2) ClinVar

Tabular ~ Sort by Location «

ClinVar: use facets to limit results (here
pathogenic, missense, multiple submitters)

o Showing for results for variants in the hbb gene. Search instead for all ClinVar records that mention hbb

Search results

tems: 3

0 Filters activated: Pathogenic, Multiple submitters, Missense. Clear all to show 581 items.

Variation
Locafion

(] NM_000518.4(HBB).c.92G HBB
1. 2C (p.Arg31Thr)
GRCh37: Chr11:52481860
GRCh38: Chr11:5226930

NM_000518.4(HBB).c.20A HEB
2. =T (p.Glu7Val)

GRCh37: Chr11:5248232
GRCh38: Chr11:5227002

() NM_000518.4(HBB).c.2T> HBB
3. C(p.Met1Thr)

GRCh37: Chr11:5248250
GRCh38: Chr11:5227020

Gene(s)

Condition(s)

beta Thalassemia,

Beta thalassemia
major

Hb S5 disease,
Malaria,

resistance to,
HEMOGLOBIN S

betat0*
Thalassemia,
Beta-thalassemia,
lermontov type,
beta Thalassemia

Clinical

significance
[Last reviewed)

Frequency

Pathogenic
(Jan 286, 2015)

GO-ESP:0.01377(A) Pathogenic,

GMAF.0.02740(A) other, protective
(Apr 10, 2015)

Review status
criteria provided, multiple

submitters, no conflicts

criteria provided, multiple
submitters, no conflicts

Pathogenic/Likely criteria provided, multiple

pathogenic
(Sep 4, 2014)

submitters, no conflicts



NCBI tools to understand variation: (2) ClinVar

NM_000518.4(HBB):c.92G>C (p.Arg31Thr) ‘ ClinVar: details of mutant alleles ‘

Variation 10: € 15234 1 Allected gene -
Review status: ) criteria provided, multiple submitters, no conflicts ;?mﬂﬁi|ﬂbi“= beta (HBB) [Gene - OMIM - Variation
iewer

Q, Search ClinVar for variants within HBB

‘ review status ‘ . o
Go to: Q, Search ClinVar for variants including HEB

Interpretation §)

Clinical significance: Pathogenic Variant frequency in dbGaP §) -
Last luated: Jan 28, 2015
stevaliatedt an NM_000518.4(HBB):c.92G>C (p.Arg31Thr)
Number of submission(s): 3 GRCH3T Chri1:5248160
Condition(s): beta Thalassemia [MedGen - Orphanet - OMIM])
Beta thalassemia major [MedGen] Called Potential
See supporting ClinVar records | . variants variants
interpretation, phenotype Sample  1of97 no data
count

Allele(s) © Go to:

Called variants are samples submitted to dbGaP that have

HM_nﬂﬂ 513,4{HBB’ :G.gz G}c {p.hrga"Thr] the variant allele. Potential variants are SRA runs that

digplay the allele in at least 30% of the reads covering the

‘ T),Pe Of a'”ele’ Iocation ‘ position, and have 10 or more passing reads covering the

Allele 1D: 30273 position.
Variant type: single nucleotide variant
Cytogenetic location: 11p15.4 Browser views _
Genomic location: Chr11:5226930 (on Assembly GRCh38) RefSeqGene
Chr11:5248160 (on Assembly GRCh37) Variation Viewer [GRCh38 - GRCh37]

Link to Variation Viewer
http://www.ncbi.nlm.nih.gov/clinvar/variation/ 15234/




NCBI tools to understand variation: (3) Variation Reporter

—Choose your data context

Organism: Assembly:
Homo sapiens GRCh38.p2
CGRCh37.pl3
—Your data

Mo data uploaded yet.

File name Track name

# Click '+' to add data

Submit for Analysis

Variation Reporter version 1.4.1.3 : Define new data for analysis

Define new data for analysis:
Assembly: GRCh38_p2

Add one HGVS per line here and click upload when you are finished typing.
Or, drag and drop multiple BED, HGVS, GVF or WVCF files into the box.
Or, click 'Browse' to find files to add.

Variation Reporter: enter a
VCF or other file(s) such as

BED, HGVS, GVF Click
Done then Submit!

Upload

| Browse | Click 'Browse' to find file(s)

| Done |

http://www.ncbi.nlm.nih.gov/variation/tools/reporter




NCBI tools to understand variation: (4) Variation Viewer

Variation Viewer Homo sapiens: GRCh38.p2 (GCF_000001405.28) Chr 20 (NC_000020.11): z.;ssm - 2.655M vqu[m
Reset All Share this page FAQ Help  Version 1.4.1

MNew to Variation Viewer? Read our guick overview! X

} Pick Assembly ] piz pi1.2 pi14 giid gqilz g1z qis1 qis2 qi5.3

~ Search T ! B 2 B 0 )
im
Q- NOPS6 -
Enter a location, gene name or phenotype 4 | Region~ l NOP5E - J l NM_006392.3 = J W A R e
Gene Transcript Exons: click an axon above to zoom in
v Your Data NC_000020.11: 2.7M..2.7TM (387bp) » <I O | - =+ T FeTools» T | £¥Tracks> 2 7~
-no uploaded tracks - G B54.6508 . |2,55|4,?E:IEI . . |2‘BE.4’?5.B . . |2,55|4,31?IB . . |2,EE:4,85:B ) . |2,55:4,9E:"3 L |2'55.4‘95.B . . |2,EEIE K . )
Cenes, NCBI Homc sapiens Annotation Release 107, Z2015-03:13 E
> — I R R
S
[k
ClinVar Short Variations based on dbSNP Build 144 |[{Homgbksapiens Annotation Release 107) S

«-{ http://www.ncbi.nlm.nih.gov/variation/view/ y

Variation Viewer:“A genomic browser to search and view
genomic variations listed in dbSNP, dbVar, and ClinVar databases.
Searches can be performed using chromosomal location, gene
symbol, phenotype, or variant IDs from dbSNP and dbVar.The
browser enables exploration of results in a dynamic graphical
sequence viewer with annotated tables of variations.”




NCBI tools to understand variation: (4) Variation Viewer

‘Variation Viewer: vast options in tools and tracks (the gear icon) ‘

> _.EI Configure Page ¥
oTools~ | = | ¥ Tracks~ o
Tracks || Custom Data
= Category: NCBI (6 Items
Go To - ( )
o3 Adtive Tracks Genes, NCBI Homo sapiens Annotation Release 107, 2015-03-13
EEﬂr‘Eh %, Search Tracks [[] Genes, MCBEI Homo sapiens Annotation Release 106
Genes, Known RefSegs, MCBl Homo sapiens Annotation Release 107
Seq
Lence
.‘ i. FI |F| E-trﬂﬂ'ljﬁ D NCBI Homo sapiens Interim Annctation Sep 25 2015 on GRCh38.p5
Genes D CCDS Features, Release 18 (NCBI Annotation Release 107 compared to Ensembl Release 73)
? M-E.rkﬂrﬂ Variation [[] €CDS Features, Release 17 (NCBI Annotation Release 108 compared to Ensembl Release 76)
GET-RM Variant = Category: Other Sources (5 Items)
= - . [[] Genes, Ensembl release 82
Ex .
‘—E:l EE[ Grlg|ﬂ pression [T Genes, Ensembl release 81
Alignments " . = >
31{:. EEQUEHEE T'E:}l:t. "I.I"iﬂli'l' Track Settings: Genes, NCBI Homo sapiens Annotation Release 107, 2015-03-13 ¥
ATz Phenctype and Disease i ) ) ) )
A track for showing four main features: gene, RNAs, coding regions and Exons. A Gene model is a
group of linked gene, RNAs, coding regions and Exons. A gene model may contain one or more pairs of
Bl 5 ET Eﬂd F’rimer EE-E.I'EI"I F“ linked RNA and coding region.
Rendering options: Merge all transcripts and CDSs, no gene bar e
|: O load b Other Settings: [_IProject SNPs from mRNA and CDS feature
C OASTHIOE
|_IProduct Features
- |_[Show All Labels
|IE||| Printer-Friendly PDF [@IShow Product Ruler
|_[Show Protein Ruler
4 Preferences

Configure Load Defaults Cancel



NCBI tools to understand variation: (4) Variation Viewer

Variation Viewer:
note extensive
faceted searches

Filter by 3
Source database -
[ | dbSNP (732)

(] dbVar (44)

In ClinVar -
[ Yes (376)

("] Mo (400)

Most severe clinical significance -

(| Pathegenic (114)

[ | Likely pathugen e (13)

an Iu response | (L
other {239)

risk factor (0)

Maore...

Variant type -
[ single nuclectide variant (545)

|| eopy number variation (38)

(| deletion (110)

[ Insertion [55}

microsatellite (0

More...

Molecular consequence -
[ | missense variant (309)
|| nensense (20)

(| inframe variant (36)
|| frameshift variant (103)

Maore...

1000 Genomes MAF -
[| < 0.005 (75)

(7] 0.005 -0.01 (1)

(] 0.01-0.05(3)

[| == 0.05 (6)

4

¥ Download 4

Variant 1D

nev831147

nsv3B4E622

nsvBB4658

nsvd1 5986

nsvS84845

nsvB32276

nsvi1054121

nev1048536

nsv1037023

nsvd29615

nevB4B7a5

nsv429559

nsv429550

nav492062

nsv436E55

nsv1077765

nsv1146381

Edit columns

Location

61,793 - 10.727 969

194,441 - 31,263,453

194,441 - 40,307 450

—

9

f=:]

;
|

55 = 5

[#]
g%
=
[=}
=
i

198,510 - 135,074,876

202,758 - 31,726,224

Variant type

copy number
variation

complex
substitution

complex
substitution

copy number
variation

copy number
variation

copy number
variation

copy number
variation

copy number
variation

copy number
variation

copy number
variation

copy number
variation

copy number
variation

copy number
variation

copy number
variation
inversion

inversion

inversion

Gene

PNPLAZ
and 273 more

PNPLAZ
and 394 more

PNPLAZ
and 443 more

PNPLAZ
and 155 more

SPTBNZ2
and 1534 more

PNPLAZ
and 395 more

PMPLAZ
and 195 more

PNPLAZ
and 309 more

PNPLAZ
and 390 more

PNPLAZ
and 527 more

PNPLAZ
and 529 more

PNPLAZ
and 514 more

PNPLAZ
and 446 more

PNPLAZ
and 324 more

SPTBNZ
and 950 more

SPTBNZ
and 950 more

SPTBNZ
and 349 more

It
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Analysis of Next-Generation Sequence (NGS) Data

Introduction
DNA sequencing technologies
Sanger sequencing; NGS; lllumina; pyrosequencing;
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Specialized next-generation sequence (NGS) applications

There are many useful applications of NGS technology. These
include:

* RNA-seq to measure RNA levels (“gene expression” of
genes and isoforms)

* Chromatin immunoprecipitation sequencing (ChlP-Seq) to
measure protein— DNA interactions

* Methyl-seq

* FAIRE-seq

* many others



Outline:
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Analysis of NGS sequencing of genomic DNA
Overview Topic 6:Variant calling: SNVs
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Perspective

Next-generation sequencing (NGS) technology is
revolutionizing biology.VVe are now able to catalog
genetic variation at unprecedented depth.

There is rapid growth in the technologies used for NGS.
There are also vast numbers of software solutions for
quality control, sequence alignment, genome assembly,
variant calling (including single nucleotide variants, indels,
and structural variants), and variant prioritization.

Key file formats include FASTQ (“raw” reads), BAM/SAM
(aligned reads), and VCF (variant calls). Many tools are
available for the generation, analysis, and visualization of
these types of files.



