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• Introduction of basic utilities, with some 
concrete steps/commands

• Go through a set of computation flow

Goal of this talk

Read the original articles/
documents to 
understand the principles 

Far from 
comprehensive

Might be 
outdated
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• UNIX and R users, with

• Basic understanding of gene expression and 
epigenome

• Conceptual understanding of NGS analysis

Target audience No instruction 
of installation 
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• Mapping to the reference genome

• Work on the genomic coordinates

• Expression analysis / peak detection

BWA, SAMtools

SAMtools, BEDTools, UCSC Tools

edgeR / MACS

An example of analysis flow and tools
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Sequencer output
Sequencer
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• Encoded in FASTQ (PMID: 20015970)

Sequence (base) quality
PHRED SCORES AND THE QUAL FORMAT

The PHRED software reads DNA sequencing trace files,
calls bases and assigns a quality value to each base called
(9,10). This introduced the PHRED quality score of a
base call, defined in terms of the estimated probability
of error:

QPHRED ¼ "10# log10ðPeÞ 1

PHRED also introduced a new file format, known as the
QUAL format, after the default file extension, to hold these
quality scores. These are FASTA like, holding PHRED
scores as space separated plain text integers and supple-
ment a corresponding FASTA file with the associated
sequences. For example, here is a single read from the
NCBI sequence read archive (SRA, http://www.ncbi.nlm.
nih.gov/Traces/sra/sra.cgih) presented as a FASTA entry:

>SRR014849.1 EIXKN4201CFU84 length=93
GGGGGGGGGGGGGGGGCTTTTTTTGTTTGGAACCGAAAGG
GTTTTGAATTTCAAACCCTTTTCGGTTTCCAACCTTCCAA
AGCAATGCCAATA

and as a QUAL entry holding the PHRED scores:

>SRR014849.1 EIXKN4201CFU84 length=93
18 10 5 3 2 1 1 1 1 1 1 1 1 1 1 1 22 37
31 22 16 11 6 1 26 34 30 11 33 26 30 21
33 26 25 36 32 16 36 32 16 36 32 20 6
24 33 25 30 25 2 24 36 32 15 35 31 17
36 32 20 6 25 29 20 30 25 4 32 26 32 23
32 26 30 24 33 26 35 31 14 28 27 30 22
28 24 27 17 32 23 28 28

PHRED scores are now a de facto standard for repre-
senting sequencing read base qualities. For example, the
Roche 454 ‘off instrument’ applications allow conversion
from a binary Standard Flowgram Format (SFF) file to
FASTA and QUAL files. PHRED scores are also used
in SAM (Sequence Alignment/Map, http://samtools
.sourceforge.net/), Staden Experiment (11), ACE (12),
and FASTQ files.

SANGER FASTQ FORMAT

The FASTQ format was invented at the turn of the
century at the Wellcome Trust Sanger Institute by Jim
Mullikin, gradually disseminated, but never formally doc-
umented (Antony V. Cox, Sanger Institute, personal com-
munication 2009). The closest thing to an official
description from Sanger can be found on the MAQ/
BWA website (13,14), but even this is incomplete.
Full details of the file format, describing the read title,

sequence and quality scores are given later. Here, we con-
centrate on how the quality scores were encoded into a
simple string. Early FASTQ files were used for Sanger
capillary sequencing, and it was natural to use PHRED
quality scores (described above).
Storing PHRED scores as single characters (or bytes)

gave a simple but reasonably space efficient encoding. In
order that the file be human readable and easily edited,
this restricted the choices to the ASCII printable charac-
ters 32–126 (decimal), and since ASCII 32 is the space

character, Sanger FASTQ files use ASCII 33–126 to
encode PHRED qualities from 0 to 93 (i.e. PHRED
scores with an ASCII offset of 33).

This gives a very broad range of error probabilities,
from 1.0 (a wrong base) through to 10"9.3 (an extremely
accurate read) and so the Sanger FASTQ format is useful
both for raw sequencing reads and post-processed
assemblies where higher qualities occur.

The OBF projects refer to this, the original or standard
FASTQ format, as the Sanger variant, using the format
name ‘fastq-sanger’ (Table 1).

SOLEXA FASTQ FORMAT

In 2004, Solexa, Inc. introduced their own incompatible
(and indistinguishable) version of the FASTQ format (2).
Although the FASTQ format only records a single quality
score per letter, Solexa also produced other files with
quality scores for all four bases, and in order to represent
low-quality information more fully an alternative
logarithmic mapping was used (15). Solexa quality
scores are defined as:

QSolexa ¼ "10# log10
Pe

1" Pe

! "
2

Although different sequencing systems estimate their error
rates using different methodologies, simply rearranging
these two equations and equating the error estimates
allows a straightforward mapping between the two.
This conversion has gained widespread usage through
MAQ (13).

QPHRED ¼ 10# log10 10QSolexa=10 þ 1
# $

3

QSolexa ¼ 10# log10 10QPHRED=10 " 1
# $

4

An important consequence of these equations is for high
values the two scores are asymptotically equal, and after
rounding to the nearest integer scores of '10 are inter-
changeable (Figure 1). However, Solexa scores go down to
"5 (approximating a random read error probability of
0.75). The Sanger offset of 33 can, therefore, no longer
be used. Rather, an offset of 64 was chosen, meaning
ASCII 59 to 126 can be used, allowing Solexa scores
from "5 to 62 inclusive.

Table 1. The three described FASTQ variants, with columns giving
the description, format name used in OBF projects, range of ASCII
characters permitted in the quality string (in decimal notation),
ASCII encoding offset, type of quality score encoded and the
possible range of scores

Description, OBF name ASCII characters Quality score

Range Offset Type Range

Sanger standard
fastq-sanger 33–126 33 PHRED 0 to 93

Solexa/early Illumina
fastq-solexa 59–126 64 Solexa "5 to 62

Illumina 1.3+
fastq-illumina 64–126 64 PHRED 0 to 62

1768 Nucleic Acids Research, 2010, Vol. 38, No. 6
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PHRED SCORES AND THE QUAL FORMAT

The PHRED software reads DNA sequencing trace files,
calls bases and assigns a quality value to each base called
(9,10). This introduced the PHRED quality score of a
base call, defined in terms of the estimated probability
of error:

QPHRED ¼ "10# log10ðPeÞ 1

PHRED also introduced a new file format, known as the
QUAL format, after the default file extension, to hold these
quality scores. These are FASTA like, holding PHRED
scores as space separated plain text integers and supple-
ment a corresponding FASTA file with the associated
sequences. For example, here is a single read from the
NCBI sequence read archive (SRA, http://www.ncbi.nlm.
nih.gov/Traces/sra/sra.cgih) presented as a FASTA entry:

>SRR014849.1 EIXKN4201CFU84 length=93
GGGGGGGGGGGGGGGGCTTTTTTTGTTTGGAACCGAAAGG
GTTTTGAATTTCAAACCCTTTTCGGTTTCCAACCTTCCAA
AGCAATGCCAATA

and as a QUAL entry holding the PHRED scores:

>SRR014849.1 EIXKN4201CFU84 length=93
18 10 5 3 2 1 1 1 1 1 1 1 1 1 1 1 22 37
31 22 16 11 6 1 26 34 30 11 33 26 30 21
33 26 25 36 32 16 36 32 16 36 32 20 6
24 33 25 30 25 2 24 36 32 15 35 31 17
36 32 20 6 25 29 20 30 25 4 32 26 32 23
32 26 30 24 33 26 35 31 14 28 27 30 22
28 24 27 17 32 23 28 28

PHRED scores are now a de facto standard for repre-
senting sequencing read base qualities. For example, the
Roche 454 ‘off instrument’ applications allow conversion
from a binary Standard Flowgram Format (SFF) file to
FASTA and QUAL files. PHRED scores are also used
in SAM (Sequence Alignment/Map, http://samtools
.sourceforge.net/), Staden Experiment (11), ACE (12),
and FASTQ files.

SANGER FASTQ FORMAT

The FASTQ format was invented at the turn of the
century at the Wellcome Trust Sanger Institute by Jim
Mullikin, gradually disseminated, but never formally doc-
umented (Antony V. Cox, Sanger Institute, personal com-
munication 2009). The closest thing to an official
description from Sanger can be found on the MAQ/
BWA website (13,14), but even this is incomplete.
Full details of the file format, describing the read title,

sequence and quality scores are given later. Here, we con-
centrate on how the quality scores were encoded into a
simple string. Early FASTQ files were used for Sanger
capillary sequencing, and it was natural to use PHRED
quality scores (described above).
Storing PHRED scores as single characters (or bytes)

gave a simple but reasonably space efficient encoding. In
order that the file be human readable and easily edited,
this restricted the choices to the ASCII printable charac-
ters 32–126 (decimal), and since ASCII 32 is the space

character, Sanger FASTQ files use ASCII 33–126 to
encode PHRED qualities from 0 to 93 (i.e. PHRED
scores with an ASCII offset of 33).

This gives a very broad range of error probabilities,
from 1.0 (a wrong base) through to 10"9.3 (an extremely
accurate read) and so the Sanger FASTQ format is useful
both for raw sequencing reads and post-processed
assemblies where higher qualities occur.

The OBF projects refer to this, the original or standard
FASTQ format, as the Sanger variant, using the format
name ‘fastq-sanger’ (Table 1).

SOLEXA FASTQ FORMAT

In 2004, Solexa, Inc. introduced their own incompatible
(and indistinguishable) version of the FASTQ format (2).
Although the FASTQ format only records a single quality
score per letter, Solexa also produced other files with
quality scores for all four bases, and in order to represent
low-quality information more fully an alternative
logarithmic mapping was used (15). Solexa quality
scores are defined as:

QSolexa ¼ "10# log10
Pe

1" Pe

! "
2

Although different sequencing systems estimate their error
rates using different methodologies, simply rearranging
these two equations and equating the error estimates
allows a straightforward mapping between the two.
This conversion has gained widespread usage through
MAQ (13).

QPHRED ¼ 10# log10 10QSolexa=10 þ 1
# $

3

QSolexa ¼ 10# log10 10QPHRED=10 " 1
# $

4

An important consequence of these equations is for high
values the two scores are asymptotically equal, and after
rounding to the nearest integer scores of '10 are inter-
changeable (Figure 1). However, Solexa scores go down to
"5 (approximating a random read error probability of
0.75). The Sanger offset of 33 can, therefore, no longer
be used. Rather, an offset of 64 was chosen, meaning
ASCII 59 to 126 can be used, allowing Solexa scores
from "5 to 62 inclusive.

Table 1. The three described FASTQ variants, with columns giving
the description, format name used in OBF projects, range of ASCII
characters permitted in the quality string (in decimal notation),
ASCII encoding offset, type of quality score encoded and the
possible range of scores

Description, OBF name ASCII characters Quality score

Range Offset Type Range

Sanger standard
fastq-sanger 33–126 33 PHRED 0 to 93

Solexa/early Illumina
fastq-solexa 59–126 64 Solexa "5 to 62

Illumina 1.3+
fastq-illumina 64–126 64 PHRED 0 to 62
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sequence 
quality

Pe (error 
probability) 1 - Pe ascii code 

in SAM

40 1.00E-04 99.99% I

30 1.00E-03 99.9% ?

20 1.00E-02 99% 5

10 1.00E-01 90% +

0 1.00E+00 0% !

@SRR001666.1 071112_SLXA-EAS1_s_7:5:1:817:345 length=36
GGGTGATGGCCGCTGCCGATGGCGTCAAATCCCACC
+SRR001666.1 071112_SLXA-EAS1_s_7:5:1:817:345 length=36
IIIIIIIIIIIIIIIIIIIIIIIIIIIIII9IG9IC
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Mapping

7



• Many aligners perform alignment of the reads 
to the reference genome

• Overview of NGS aligners by Heng Li: 

• Alignment is not just genomic coordinates - 
results needs to be stored in a standard way

http://lh3lh3.users.sourceforge.net/NGSalign.shtml

8

http://lh3lh3.users.sourceforge.net/NGSalign.shtml
http://lh3lh3.users.sourceforge.net/NGSalign.shtml


• Burrows-Wheeler Alignment Tool

• PMID: 19451168 (for short read),             
PMID: 20080505 (for long read)

• work fast reasonably, consider sequence/
mapping quality, and output the results in a 
standard format (SAM)

BWA [0.5.1, PMID: 19451168]. Another aligner written by me. Given high-quality reads, it is an order of

magnitude faster than MAQ while achieving similar alignment accuracy.

Platform: Illumina; SOLiD; 454; Sanger

Features: PET mapping (short reads only); gapped alignment; mapping quality; counting

suboptimal occurrences (short reads only); SAM output

Advantages: fast

Limitations: short read algorithm is slow for long reads and reads with high error rate

Availability: GPL

BWA

9



• PMID: 18714091

• The same scaling to base quality

• Pe = 1 - [Ps, correct mapping probability]

Mapping quality
PHRED SCORES AND THE QUAL FORMAT

The PHRED software reads DNA sequencing trace files,
calls bases and assigns a quality value to each base called
(9,10). This introduced the PHRED quality score of a
base call, defined in terms of the estimated probability
of error:

QPHRED ¼ "10# log10ðPeÞ 1

PHRED also introduced a new file format, known as the
QUAL format, after the default file extension, to hold these
quality scores. These are FASTA like, holding PHRED
scores as space separated plain text integers and supple-
ment a corresponding FASTA file with the associated
sequences. For example, here is a single read from the
NCBI sequence read archive (SRA, http://www.ncbi.nlm.
nih.gov/Traces/sra/sra.cgih) presented as a FASTA entry:

>SRR014849.1 EIXKN4201CFU84 length=93
GGGGGGGGGGGGGGGGCTTTTTTTGTTTGGAACCGAAAGG
GTTTTGAATTTCAAACCCTTTTCGGTTTCCAACCTTCCAA
AGCAATGCCAATA

and as a QUAL entry holding the PHRED scores:

>SRR014849.1 EIXKN4201CFU84 length=93
18 10 5 3 2 1 1 1 1 1 1 1 1 1 1 1 22 37
31 22 16 11 6 1 26 34 30 11 33 26 30 21
33 26 25 36 32 16 36 32 16 36 32 20 6
24 33 25 30 25 2 24 36 32 15 35 31 17
36 32 20 6 25 29 20 30 25 4 32 26 32 23
32 26 30 24 33 26 35 31 14 28 27 30 22
28 24 27 17 32 23 28 28

PHRED scores are now a de facto standard for repre-
senting sequencing read base qualities. For example, the
Roche 454 ‘off instrument’ applications allow conversion
from a binary Standard Flowgram Format (SFF) file to
FASTA and QUAL files. PHRED scores are also used
in SAM (Sequence Alignment/Map, http://samtools
.sourceforge.net/), Staden Experiment (11), ACE (12),
and FASTQ files.

SANGER FASTQ FORMAT

The FASTQ format was invented at the turn of the
century at the Wellcome Trust Sanger Institute by Jim
Mullikin, gradually disseminated, but never formally doc-
umented (Antony V. Cox, Sanger Institute, personal com-
munication 2009). The closest thing to an official
description from Sanger can be found on the MAQ/
BWA website (13,14), but even this is incomplete.
Full details of the file format, describing the read title,

sequence and quality scores are given later. Here, we con-
centrate on how the quality scores were encoded into a
simple string. Early FASTQ files were used for Sanger
capillary sequencing, and it was natural to use PHRED
quality scores (described above).
Storing PHRED scores as single characters (or bytes)

gave a simple but reasonably space efficient encoding. In
order that the file be human readable and easily edited,
this restricted the choices to the ASCII printable charac-
ters 32–126 (decimal), and since ASCII 32 is the space

character, Sanger FASTQ files use ASCII 33–126 to
encode PHRED qualities from 0 to 93 (i.e. PHRED
scores with an ASCII offset of 33).

This gives a very broad range of error probabilities,
from 1.0 (a wrong base) through to 10"9.3 (an extremely
accurate read) and so the Sanger FASTQ format is useful
both for raw sequencing reads and post-processed
assemblies where higher qualities occur.

The OBF projects refer to this, the original or standard
FASTQ format, as the Sanger variant, using the format
name ‘fastq-sanger’ (Table 1).

SOLEXA FASTQ FORMAT

In 2004, Solexa, Inc. introduced their own incompatible
(and indistinguishable) version of the FASTQ format (2).
Although the FASTQ format only records a single quality
score per letter, Solexa also produced other files with
quality scores for all four bases, and in order to represent
low-quality information more fully an alternative
logarithmic mapping was used (15). Solexa quality
scores are defined as:

QSolexa ¼ "10# log10
Pe

1" Pe

! "
2

Although different sequencing systems estimate their error
rates using different methodologies, simply rearranging
these two equations and equating the error estimates
allows a straightforward mapping between the two.
This conversion has gained widespread usage through
MAQ (13).

QPHRED ¼ 10# log10 10QSolexa=10 þ 1
# $

3

QSolexa ¼ 10# log10 10QPHRED=10 " 1
# $

4

An important consequence of these equations is for high
values the two scores are asymptotically equal, and after
rounding to the nearest integer scores of '10 are inter-
changeable (Figure 1). However, Solexa scores go down to
"5 (approximating a random read error probability of
0.75). The Sanger offset of 33 can, therefore, no longer
be used. Rather, an offset of 64 was chosen, meaning
ASCII 59 to 126 can be used, allowing Solexa scores
from "5 to 62 inclusive.

Table 1. The three described FASTQ variants, with columns giving
the description, format name used in OBF projects, range of ASCII
characters permitted in the quality string (in decimal notation),
ASCII encoding offset, type of quality score encoded and the
possible range of scores

Description, OBF name ASCII characters Quality score

Range Offset Type Range

Sanger standard
fastq-sanger 33–126 33 PHRED 0 to 93

Solexa/early Illumina
fastq-solexa 59–126 64 Solexa "5 to 62

Illumina 1.3+
fastq-illumina 64–126 64 PHRED 0 to 62
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z: read
x: reference (genome)
u: position on the reference
P: probability that z arise from 
   the genomic coordinate x, u

In this article, we will call a potential read alignment posi-
tion a hit. The algorithm MAQ uses to find the best hit is quite
similar to the one used in Eland. It builds multiple hash tables to
index the reads and scans the reference sequence against the
hash tables to find the hits. By default, six hash tables are used,
ensuring that a sequence with two mismatches or fewer will be
hit. The six hash tables correspond to six noncontiguous seed
templates (Buhler 2001; Ma et al. 2002). Given 8-bp reads, for
example, the six templates are 11110000, 00001111, 11000011,
00111100, 11001100, and 00110011, where nucleotides at 1 will
be indexed while those at 0 are not. By default, MAQ indexes the
first 28 bp of the reads, which are typically the most accurate part
of the read.

In alignment, MAQ loads all reads into memory and then
applies the first template as follows. For each read, MAQ takes the
nucleotides at the 1 positions of the template, hashes them into
a 24-bit integer, and puts the integer together with the read iden-
tifier into a list. When all the reads are processed, MAQ orders the
list based on the 24-bit integers, such that reads with the same
hashing integer are grouped together in memory. Each integer
and its corresponding region are then recorded in a hash table
with the integer as the key. We call this process indexing.

At the same time that MAQ indexes the reads with the first
template, it also indexes the reads with the second template that
is complementary to the first one. Taking two templates at a time
helps the mate-pair mapping, which will be explained in the
section below.

After the read indexing with the two templates, the refer-
ence will be scanned base by base on both forward and reverse
strands. Each 28-bp subsequence of the reference will be hashed
through the two templates used in indexing and will be looked
up in the two hash tables, respectively. If a hit is found to a read,
MAQ will calculate the sum of qualities of mismatched bases q
over the whole length of the read, extending out from the 28-bp
seed without gaps (the current implementation has a read length
limit of 63 bp). MAQ then hashes the coordinate of the hit and
the read identifier into another 24-bit integer h and scores the hit
as q!224 + h. In this score, h can be considered as a pseudorandom
number, which differentiates hits with identical q: If there are
multiple hits with the same q, the hit with the smallest h will be
identified as the best, effectively selecting randomly from the
candidates. For each read, MAQ only holds in memory the posi-
tion and score of its two best scored hits and the number of 0-, 1-,
and 2-mismatch hits in the seed region.

When the scan of the reference is complete, the next two
templates are applied and the reference will be scanned once
again until no more templates are left.

Using six templates guarantees to find seed hits with no
more than two mismatches, and it also finds 57% of hits with
three mismatches. In addition, MAQ can use 20 templates to
guarantee finding all seed hits with three mismatches at the cost
of speed. In this configuration, 64% of seed hits with four mis-
matches are also found, though our experience is that these hits
are not useful in practice.

Single end mapping qualities
MAQ assigns each individual alignment a mapping quality. The
mapping quality Qs is the phred-scaled probability (Ewing and
Green 1998) that a read alignment may be wrong:

Qs = −10log10 Pr{read is wrongly mapped}.

For example, Qs = 30 implies there is a 1 in 1000 probability that
the read is incorrectly mapped. In this section, we only consider
a simplistic case where all reads are known to come from the

reference and an ungapped exhaustive alignment is performed. A
practical model for alignment with heuristic algorithms will be
presented in the Supplemental material.

Suppose we have a reference sequence x and a read sequence
z. On the assumption that sequencing errors are independent at
different sites of the read, the probability p(z|x,u) of z coming
from the position u equals the product of the error probabilities
of the mismatched bases at the aligned position. For example,
if read z mapped to position u has two mismatches: one with
phred base quality 20 and the other with 10, then p(z|x,u) =
10!(20 + 10)/10 = 0.001.

To calculate the posterior probability ps(u|x,z), we assume a
uniform prior distribution p(u|x), and applying the Bayesian for-
mula gives

ps!u|x,z" =
p!z|x,u"

#
v=1

L−l+1

p!z|x,v"

, (1)

where L = |x| is the length of x and l = |z|. Scaling ps in the phred
way, we get the mapping quality of the alignment:

Qs!u|x,z" = −10 log10$1 − ps!u|x,z"%.

The calculation of Equation 1 requires summing over all
positions on the reference. It is impractical to calculate the sum
given a human-sized genome. In practice, we approximate Qs as:

Qs = min{q2 − q1 − 4.343 logn2,4 + !3 − k’"!q − 14"
− 4.343 logp1!3 − k’,28"}.

Where q1 is the sum of quality values of mismatches of the best
hit, q2 is the corresponding sum for the second best hit, n2 is the
number of hits having the same number of mismatches as the
second best hit, k" is the minimum number of mismatches in the
28-bp seed, q is the average base quality in the 28-bp seed, 4.343
is 10/log10, and p1(k,28) is the probability that a perfect hit and
a k-mismatch hit coexists given a 28-bp sequence that can be
estimated during alignment. Detailed deduction of this equation
is given in the Supplemental material.

It is also worth noting that in minimizing the sum of quality
values of mismatched bases, MAQ is effectively maximizing the
posterior probability ps(u|x,z). This is the statistical interpretation
of MAQ alignments.

On sequencing real samples, reads may also be different
from the reference sequence due to the existence of sequence
variants in different samples or strains. These variants behave in
a similar manner to sequencing errors for mapping purposes, and
therefore at the alignment stage, we should set the minimum
base error probability as the rate of differences between the ref-
erence and the reads. However, this strategy is an approximation.
When there are differences between the reference and reads, the
best position might consistently give wrong alignments even if
there are no sequencing errors, which can invalidate the calcu-
lation of mapping qualities. It would be possible in an iterative
scheme to update the reference with an estimate of the new
sample sequence from the first mapping and then remap to the
updated reference.

Paired-end read alignment
MAQ jointly aligns the two reads in a read pair and fully utilizes
the mate-pair information in the alignment.

In the paired-end alignment mode, MAQ will by default
build six hash tables for each end (12 tables in total). In one
round of indexing, MAQ indexes the first end with two templates
and the second end also with two templates. Four hash tables,
two for each end, will be put in memory at a time. In the scan of

Li et al.

1856 Genome Research
www.genome.org
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• PMID: 19505943

• container of alignment (as well as sequence, 
sequence quality, and mapping quality)

• specification and utility (SAMtools)                        
http://samtools.sourceforge.net

SAM (Sequence Alignment/Map) format

11

http://samtools.sourceforge.net
http://samtools.sourceforge.net


XXXXXXXX-XXXXXXXX:7:10:4710:6626#0  0 chr1  715362  16  22M1D14M  * 0 0 ATGGATTTGAATGGAATAGAATGAATGGAATGGAAT  
eeeeedceeedeeeeffcffeedfcfffffffffde  XT:A:U  NM:i:1  X0:i:1  X1:i:5  XM:i:0  XO:i:1  XG:i:1  MD:Z:22^G14

SAM example:

read name

flag
chrom

start (1-start)

mapping quality

alignment

for paired end

sequence

base qualities (ASCII-33) additional tags

12



• compressed version of SAM file

• fast access to alignment when indexed

• SAMtools provide native support

BAM format

13



Align FASTQ file with BWA

bwa aln ${genome} ${fastq} \
| bwa samse ${genome} - ${fastq}
| samtools view -bT ${genome} - > ${outfile}

samtools sort ${outfile} ${outfile}
mv -f ${outfile}.bam ${outfile}
samtools index ${outfile}

Sort and index BAM
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• Mapping to the reference genome

• Work on the genomic coordinates

• Expression analysis / peak detection

BWA, SAMtools

SAMtools, BEDTools, UCSC Tools

edgeR / MACS

An example of analysis flow and tools
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Select/count alignments
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• http://genome.ucsc.edu/FAQ/FAQformat.html

BED (Browser Extensible Data) format

chr1  48305 48341 XXXXX-XXXXX:7:45:6116:9504#0 20  +

read name

chrom

start (0-start)

strandend

score

17
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• PMID: 20110278

• A set of tools, which enables us a wide range 
of operation on the genomic coordinates.

• Well documented

BEDtools

bamToBed -i ${bamfile} > ${bedfile}

example.

bamToBed -i ${bamfile} \
| intersectBed -a stdin -b genes.bed > ${bedfile}

18



5.1.2  Default behavior
By default, if an overlap is found, intersectBed reports the shared interval between the two 
overlapping features. 

Chromosome  ================================================================

BED/BAM  A     ===================            =============

BED File B                ========

Result                ========

5.1.3  Reporting the original A feature (-wa)
Instead, one can force intersectBed to report the original “A” feature when an overlap is found. As 
shown below, the entire “A” feature is reported, not just the portion that overlaps with the “B” feature.

Chromosome  ================================================================

BED File A     ===================            =============

BED File B                ========

Result     ===================

5.8.2  Default behavior

Chromosome  ================================================================

BED File     =============   ===============   ======================

                       ========           

Result     ===============================   ======================

intersectBed

mergeBed

from bedtools manual
19



• http://genomewiki.ucsc.edu/index.php/
Genome_Browser_Software_Features

• http://genome.ucsc.edu/admin/git.html

• A huge source tree including UCSC 
Genome Browser, BLAT, etc.

• Also includes utilities to get annotation and 
create custom tracks

Jim kent source tree

genePredToGtf -utr ${DB} refGene /dev/stdout \
| grep --perl-regexp "\texon\t"

20
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Filtering alignment with mapping quality

samtools view -bq 10 ${bamfile} > ${result_bam}

Discard redundant reads (for single-end)

samtools rmdup -s ${bamfile} ${result_bam}

Convert BAM file to BED

bamToBed -i ${bamfile} > ${bedfile}

by samtools

by samtools

by bedtools
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Obtain refseq transcript coordinates

genePredToFakePsl hg18 refGene /dev/stdout t.cds\ 
| pslToBed /dev/stdin /dev/stdout > refgene.bed

by jim kent source tree

Obtain refseq TSS proximal regions

genePredToFakePsl hg18 refGene /dev/stdout t.cds\ 
| pslToBed /dev/stdin /dev/stdout \
| awk '
  BEGIN{OFS="\t"}
  {
    if ($6 == "+"){$3 = $2+1}
    if ($6 == "-"){$2 = $3-1}
    print $1,$2-500,$3+500,$4,$5,$6
  }
'

by jim kent source tree
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Select the reads within the region of interests

bamToBed -i ${bamfile} \
| intersectBed -s -wa -a stdin -b ann.bed

Count the reads within the region of interests

bamToBed -i ${bamfile} \
| intersectBed -s -c -a stdin -b ann.bed

by bedtools

by bedtools
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BedGraph (Wiggle) file for genome browser

bamToBed -i ${bamfile} \
| genomeCoverageBed -bg -i stdin -g hg18.genome

by bedtools
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• Mapping to the reference genome

• Work on the genomic coordinates

• Expression analysis / peak detection

BWA, SAMtools

SAMtools, BEDTools, UCSC Tools

edgeR / MACS

An example of analysis flow and tools
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control

treatment

control

treatment

Find differentially expressed regions
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• a.k.a Gamma-Poisson mixture

• Theoretical random sampling should follow 
Poisson distribution

• Variance between replicates are modeled in 
Gamma distribution (over dispersion)

Negative Binomial Distribution
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• PMID: 19910308

• Estimate over-dispersion of negative 
binomial model

• simple differential analysis

edgeR (in R/bioconductor)

> library(edgeR) 
> counts <- read.table(count_file)
> dge <- DGEList(
  counts = counts, 
  group = c(“CTL”,”CTL”,”CTL”,”KD”,”KD”,”KD”)
)
> dge <- estimateCommonDisp(dge) 
> de <- exactTest(dge) 

gene ctl1 ctl2 ctl3 kd1 kd2 kd3

A 8 3 2 7 5 9

B 129 50 78 143 152 99

C 523 670 428 18 23 8

...
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control

treatment

control

treatment

Find significant peaks
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• PMID: 18798982

• Take a control experiment (genomic input 
or nonspecific antibody) into consideration

MACS (A peak caller)_

macs -t ChIP.bam -c Control.bam --format=BAM
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• BWA - PMID: 19451168

• SAMtools - PMID:19505943

• BEDtools - PMID: 20110278

• Jim Kent Source Tree

• edgeR - PMID: 19910308

• MACS - PMID: 18798982

http://genome.ucsc.edu/admin/git.html
http://genomewiki.ucsc.edu/index.php/Genome_Browser_Software_Features
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