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Introduction

The re-sequencing of a genome typcially aims to capture information on Single Nucleotide
Polymorphisms (SNPs), INsertions and DELetions (INDELs) and Copy Number Variants
(CNVs) between representatives of the same species, usually in cases where a reference genome
already exists (at least for a very closely related species). Whether one is dealing with different
bacterial isolates, with different strains of single-celled parasites, or indeed with genomes of
different human individuals, the principles are essentially the same. Instead of assembling the
newly generated sequence reads de novo to produce a new genome sequence, it is easier and
much faster to align or map the new sequence data to the reference genome (please note that
we will use the terms “aligning” and “mapping” interchangeably). One can then readily identify
SNPs, INDELs, and CNVs that distinguish closely related populations or individual organisms
and may thus learn about genetic differences that may cause drug resistance or increased
virulence in pathogens, or changed susceptibility to disease in humans. One important
prerequisite for the mapping of sequence data to work is that the reference and the re-sequenced
subject have the same genome architecture. Once you are familiar with viewing short read
mapping data you may also find it helpful for quality checking your sequencing data and your de
novo assemblies.

The computer programme Artemis allows the user to view and edit genomic sequences and
EMBL/GenBank (NCBI) annotation entries in a highly interactive graphical format. Artemis
also allows the user to view “Next Generation Sequencing” (NGS) data from Illumina, 454 or
Solid machines.

AIms

1) To introduce the biology & workflow

2) To introduce mapping software, BWA, SAMtools, SAM/BAM and FASTQ file format

3) To show how Next Generation Sequencing data can be viewed in Artemis alongside your
chosen reference using Chlamydia as an example: navigation, read filtering, read coverage,
views

4) To show how sequence variation data such as SNPs, INDELs, CNVs can be viewed in
single and multiple BAM files, and BCF variant filtering

5) To show how short-read mapping can be executed with a script, and working with NGS data
in eukaryotes: Plasmodium



Module 4: Mapping Short Reads

Background

Biology

To learn about sequence read mapping and the use of Artemis in conjunction with NGS data
we will work with real data from the bacterial pathogen Chlamydia as well as the eukaryotic
single-celled parasites Plasmodium that cause malaria.

Chlamydia trachomatis

C. trachomatis is one of the most prevalent human pathogens in the world, causing a variety of
infections. It is the leading cause of sexually transmitted infections (STIs), with an estimated
131 million new cases in 2012. Additionally, it is also the leading cause of preventable
infectious blindness with some 84 million people thought to have active disease. The STI
strains can be further subdivided into those that are restricted to the genital tract and the more
invasive type know as the lymphogranuloma venereum or LGV biovar. Despite the large
differences in the site of infection and the disease severity and outcome there are few
whole-gene differences that distinguish any of the different types of C. trachomatis. As you
will see most of the variation lies at the level of SNPs.

In this part of the course we will align against a reference sequence (L2) the Illumina reads
from a recently isolated genital tract new variant Swedish STI C. trachomatis strain (known as
NV) that caused a European health alert in 2006. During this time it became the dominant
strain circulating in some European countries and began to spread world wide. The reason for
this was that it evaded detection by the widely used PCR-based diagnostic test. During the
course of this exercise you will identify the reason why this isolate confounded the standard
assay.

Plasmodium falciparum

P. falciparum is the causative agent of the most dangerous form of malaria in humans. The
reference genome for P. falciparum strain 3D7 was determined and published about 10 years
ago (Gardener et al., 2002). Since then the genomes of several other species of Plasmodium
that infect humans or animals have been elucidated. Malaria is widespread in tropical and
subtropical regions, including parts of Asia, Africa, and the Americas. Each year, there are
approximately 350-500 million cases of malaria killing more than one million people, the
majority of whom are young children in sub-Saharan Africa.

To date, the genomes of several strains of P. falciparum have been sequenced completely. For
this exercise we will examine 76bp paired-end sequence read data from the malaria strains
Dd2 and IT. In particular the P. falciparum Dd2 strain is well known for its resistance to
commonly used antimalarial drugs such as chloroquine. Working with the mapped
sequence data and Artemis we will have a closer look at some SNPs and CNVs that contribute
directly to the drug-resistance phenotype of this deadly parasite.
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Workflow of re-sequencing, alignment, and in silico analysis
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FASTQ sequence file

format
806 X] ssh

Each sequence read is BIL7_1788:5:1:59:769/1
. GATATAGGAARAC T TCARAATCGAATARARAATARAATARTATATARATARATAR
represented by 4 lines

+
IIIIIIIIIIIIIIIIIIIIII Iy > 2> BEEEEEEEEEEEEE4E66E6
BIL/_178835:131503308/1

GTTCARGCCARGCTCTTGATCCCCARRRATARATARTATTATTTTCTGAACARG

K
/1' IL7_1788:5:1:34:600/1 N Iosssssssnssssoosssorsssssss<<<<EREBEERE)GERE2E4EE4
1s the name of a sequence read RIL7_1788:5:1:131:453/1
. GARARRACAARATTCTCCATATTTTCCGARARARCTCCATTTATAATATCTATA
where the numbers of interest +
- : - - DIIIIIIIIIIIIIIIIIIIIIIIIIPIPILLL{BEEEEEEEEEEEEEEEE64
include: IL7 is the sequencing B1L7 1760451224600/
machine, while 1788:5 indicate the | |GTCATTTTTTATCTTACTTATGACTATATCTARRACTACGGAATATATATCTTG

+
run and lane. /1 and /2 at the end | [5550osmmsoossosssds s s s s s<<<{<EEREEE2EEEEEE664664

e RIL7_1788:5:1:132:541/1
of the line {ndlcate forward and GTAATACCTTGARTGTTATCTCTTARRATTTTTCTGTGTCTCTTAGCTCCTCCT
reverse (paired-end) reads,

respectively. The screenshot here BIL7 1788:51+203:677/1
wows only forward reads. . / GCATCGGCARRTCTGTTTAATTCTTTTTTATATARACTATTTTTATATGTTTAT
>>>>>>>>>>>22>>>>22>>>>>>>>>>><<<<<8888888888886686888
BILY_1788:5:1:34:600/1
[ 2. The read sequence TCATTTTTTATCTTACTTATGACTATATCTARARARCTACGGAATATATATLCTTG

+

PIIIIIIIIIIIIIIIIIIIII 000 L{L{{{bbEEEE2EEEEEEEE4664

+
DIIIIIIIIIIIIIIIIIII Iy >{L{{{BEEEEEEEE4E66266246

3. Sequence/quality
line separator

7
4. Sequence quality. There is one character for each

nucleotide. The characters relate to a sequence quality
score e.g. how likely is the nucleotide correct? > is
higher quality than ‘6’. Sequence reads tend to have
more errors at the end than the start.

o )

To begin the exercise we need to open up a terminal window just like the one you
used for the UNIX Module. We will then need to move into the ‘Module_4_Mapping’
directory using the UNIX command ‘cd’ .
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Step 1: Checking raw sequencing data

The first exercise of any genomics project is to turn your sample of interest into
sequencing data. There are many steps involved, including sample collection (and
storage), DNA extraction (and storage), sequencing library preparation, and then finally
submitting and having your DNA library sequenced on one or more of a number of
different sequencing platforms. Not surprisingly then is that the success of each step will
influence how well your sample will be sequenced and will impact on the quality of the
data generated. Exploring and understanding the characteristics of the raw data before
any analysis is performed should give you some confidence in whether your data is
sufficient to undertake mapping or genome assembly, and may provide some insight
into how mapping or assembly will proceed.

We will use two tools to assess different aspects of the raw data. The first tool is called
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). FastQC takes
raw fastg reads and provides simple graphs and tables to quickly assess the quality of
the data. It also highlights where they may be problems in different aspects of your data
(NOTE: it is parameterised on human data, i.e., GC content, and so may report as
“failing” based on assessing your data [if not human] because it does not look like
human — be aware that not all “fails” are bad). The features of the raw data that are
being assessed is presented in the left-hand panel of Figure 2.
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https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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The main panel of this figure shows an example of the comparison of the distribution of per
base quality (Phred score, on the y-axis) per base position in the read (x-axis). Phred scores
above 30 are typically considered to be good quality for an Illumina read. In this case, it
shows higher quality bases toward the start of the read (in the green section), followed by a
decrease in quality along the read, in which the quality drops into the yellow (Phred < 30) and
then into the red (Phred < 20). Some examples of “good” and “bad” quality data is found in
the “Example Reports” section of the FastQC website.

The main features of the data to look out for will be:

Per base sequence quality: Good overall indicator of data quality. Should remain mostly in
the green, however, will drop in quality over the length of the read.
Longer reads will show great drop, and R2 will show greater drop
compared to R1.

Per base sequence content: The base frequency of each nucleotide should reflect the GC
content, with f(A)=f(T) and f(C)=f(G). The expectation is that these
lines should remain horizontal and even throughout the read. Are
they even?

Per base sequence GC: Abnormal GC distribution is a good indicator of contamination. Does
the GC profile fit the expected GC content for your species of
interest? Is it a smooth distribution, or are their spikes?

Per base N content: Is there an excess of positions in the reads for which a “N” base
was called? Excess Ns can often indicate an issue with the
sequencing.

Sequence duplication levels: Is there excessive duplication? Duplication may suggests
artefacts generatated during library preparation / PCR
amplification

Adapter content: What is the proportion of known illumina adapters that are present in the
data?

FastQC reports would typically be generated for each read set. However, if you have a lot of
datasets, it can be tedious to look at each one individually. We are going to use a
visualisation tool called MultiQC (http://multigc.info/), which can automatically detect the
FastQC data once generated and arrange the data into single plots for all read sets. MultiQC
is not only good for visualising FastQC output; it supports the QC of over 60 bioinformatic
tools, including mapping, SNP calling, transcriptomic analyses etc. It it a great way of
summarising lots of datasets in one place.
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The second tool to assess the quality of your raw data is Kraken
(https://ccb.jhu.edu/software/kraken/). Kraken is a fast way of assigning and
approximating the abundance of known species based on short DNA sequences
called kmers. A kmer is simply a short length of nucleotide sequence of a given length.
For example, in a DNA sequence:

DNA sequence: ATGCGTCATGC

Kmer =4 : ATGC, TGCG, GCGT, CGTC, GTCA, TCAT, CATG, ATGC

Kmer =4 (n): ATGC (2), TGCG (1), GCGT (1), CGTC (1), GTCA (1), TCAT (1), CATG (1)
l.e. ATGC was seen twice, while the rest were seen only once.

Kraken and the newer version Centrifuge work by aligning kmers from your DNA
sequence against known kmer frequency data for different species in a kraken
database. It will therefore only assign species that it knows, else, it calls the sequence
“‘unclassified”. Most Kraken/Centrifuge databases contain comprehensive bacterial
and viral species lists, however, it may also contain human and mouse profiles.
Kraken/Centrifuge databases can be customized to include any species with DNA
sequence available. Therefore, if you are investigating one of the species in the kraken
database, running kraken will give you a good estimate of the amount of reads
specifically from that species. If your species is not in the database, then you would
expect most if not all reads to fall into the “unclassified” category. Either way, this
approach can serve as an effective screen for contaminants in your sequencing reads.

Tasks:
- run fastqc
- visualise output of FastQC using MultiQC and check sequence quality

- view the Centrifuge report to determine if there are any contaminants

# go to the working directory
$ cd /Module 4 Mapping/gc

# run FastQC for read 1 and read 2
s fastgc samplel 1.fastqg.gz
$ fastgc samplel 2.fastg.gz

# Once FastQC has finished running, visualise output in web
browser

$ firefox samplel 1 fastgc.html &

s firefox samplel 2 fastgc.html &
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# We will now trim the reads using Sickle to remove low quality
positions. Note this command is all on ONE line!

$

-0 samplel 1 trim.fastqg.gz -p samplel 2 trim.fastg.gz -s
singles.fastg.gz -g 28

# you can check what all of the sickle parameters are using:

S

sickle pe -g -t sanger -f samplel 1.fastg.gz -r samplel 2.fastqg.gz

sickle pe

Ur Ur

S
$

#

in web browser

S
$

Run fastgc on the trimmed reads
fastgc samplel 1 trim.fastg.gz
fastgc samplel 2 trim.fastg.gz

run FastQC for read 1 and read 2
fastgc samplel 1.fastqg.gz
fastgc samplel 2.fastg.gz

Once FastQC has finished running, run MultiQC and visualise output

multigc
firefox multigc report.html &

Multiec Sequence Quality Histograms BEEEND 0 Hep

V1.6 (c54a657) The mean quality value across each base position in the read. Y-Limits: [{K) l

General Stats FastQC: Mean Quality Scores Export Plot

FastQC 40

Toolbox

Sequence Counts

Sequence Quality Histograms

> %

Per Sequence Quality Scores 30

Per Base Sequence Content

a

Per Sequence GC Content 25

Per Base N Content

[e=

Sequence Length Distribution

Phred Score
~
S
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Overrepresented sequences

o
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Position (bp)

= A

Explore the differences in the MultiQC report between the original reads and the trimmed
reads. Did trimming improve the quality of the reads? Why might this be useful?
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# Now run fastgc on Sample 2 - which are single end reads

$ fastqc sample2.fastg.gz

# look at the html file output of fastgc
S firefox sample2.fastgc.html

@FastQC Report

Summary

@Baswc Statistics

Per base sequence quality

@Per sequence quality scores

@Per base sequence content

OPer sequence GC content

@Per base N content

@muence Length Distribution

@&quence Duplication Levels

@Overrepresemed sequences

@  Adapter Content

Kmer Content

0

Sun 14 Oct 2018
sample2.fastq.gz

02468 11 15 19 23 27 31 35 39 43 47 51 55 59 63 67 71 75 79 83 87 91 95 99

Does the GC
distribution
look right?

The GC content in Sample 2 isn’t uniform -- which suggests that maybe there may be
multiple organisms present in this sample. We will now examine the output of Centrifuge
(which is the updated version of the popular program Kraken) to explore if this is the

casc.

Take a look at the centrifuge_report.csv file using LibreOffice Calc. Sort the data using

each of the last 3 columns.

What organisms appear to be present in Sample 27?

It is always a very important first step to take a look at your fastq files before doing any
downstream analysis. This first step will let you navigate potential downstream problems
that may come up later by knowing the quality of your data.
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Short-Read Alignment

Software
There are multiple short-read alignment programs each with its own strengths,
weaknesses, and caveats. Wikipedia has a good list and description of each. Search for
“Short-Read Sequence Alignment” if you are interested. We are going to use BWA:

BWA: Burrows-Wheeler Aligner

I quote from http://bio-bwa.sourceforge.net/ the following:

“BWA is a software package for mapping low-divergent sequences against a large
reference genome, such as the human genome. It consists of three algorithms:
BWA-backtrack, BWA-SW and BWA-MEM. The first algorithm is designed for
[llumina sequence reads up to 100bp, while the rest two for longer sequences ranged
from 70bp to IMbp. BWA-MEM and BWA-SW share similar features such as long-read
support and split alignment, but BWA-MEM, which is the latest, is generally
recommended for high-quality queries as it is faster and more accurate. BWA-MEM
also has better performance than BWA-backtrack for 70-100bp Illumina reads.”

Although BWA does not call Single Nucleotide Polymorphisms (SNPs) like some
short-read alignment programs, e.g. MAQ, it is thought to be more accurate in what it

does do and it outputs alignments in the SAM format which is supported by several
generic SNP callers such as SAMtools and GATK.

BWA has a manual that has much more details on the commands we will use.
This can be found here: http://bio-bwa.sourceforge.net/bwa.shtml

Li H. and Durbin R. (2009) Fast and accurate short read alignment with
urrows-Wheeler Transform. Bioinformatics, 25:1754-60. [PMID: 19451168]

The first thing we are going to do in this Module is to align or map raw sequence read
data that is in a standard short-read format (FASTQ) against a reference genome. This will
allow us to determine the differences between our sequenced strain and the reference
sequence without having to assemble our new sequence data de novo.

The FASTQ sequence format is shown over-page.

- /
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1. Exercise with data from Chlamydia trachomatis

To map the reads using BWA follow the following series of commands which you will type
on the command line when you have opened up your terminal and navigated into the
correct directory. Do a quick check to see if you are in the correct directory: when you
type the UNIX command ‘Is’ you should see the following folders (in blue) and files (in
white) in the resulting list.

A S & Terminal

1s
L2b.bam L2b.bam.bai L2_cat.embl L2_cat.fasta NV_1.fastq.gz NV_2.fastq.gz

Stage 1:

Our reference sequence for this exercise is a Chlamydia trachomatis LGV strain called
L2. The sequence file against which you will align your reads is called L2_cat.fasta. This
file contains a concatenated sequence in FASTA format consisting of the genome and a
plasmid. To have a quick look at the first 10 lines of this file, type:

head L2 cat.fasta

Most alignment programs need to index the reference sequence against which you will
align your reads before you begin. To do this for BWA type:
bwa index L2 cat.fasta

The command and expected output are shown below. Be patient and wait for the
command prompt (~/Module_2 Mapping$) to return before proceeding to Stage 2.

@ = E Terminal

bwa index L2_cat.fasta
bwa_index] Pack FASTA... 0.01 sec
bwa_1index] Construct BWT for the packed sequence...
bwa_index] 0.21 seconds elapse.
bwa_index] Update BWT... 0.01 sec
bwa_index] Pack forward-only FASTA... 0.00 sec
bwa_index] Construct SA from BWT and Occ... 0.11 sec
main] Version: 0.7.12-r1039
main] CMD: bwa index L2_cat.fasta
main] Real time: 0.792 sec; CPU: 0.346 sec

11
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Stage 2:

We will now align both the forward and the reverse reads against our now indexed
reference sequence. The forward and reserve reads are contained in files NV_1.fastq.gz
and NV_2.fastq.gz, and the output will be saved in SAM format.

Perform the alignment with the following command and wait for it to finish running (it may
take a few minutes):
bwa mem L2_cat.fasta NV_1.fastq.gz NV_2.fastq.gz > mapping.sam

@ & & Terminal

bwa mem L2_cat.fasta NV_1.fastq.gz NV_2.fastq.gz > mapping.sam
::bwa_idx_load_from_disk] read @ ALT contigs
::process] read 270272 sequences (10000064 bp)...

::process] read 270272 sequences (10000064 bp)...

::mem_pestat] # candidate unique pairs for (FF, FR, RF, RR): (21, 114970, 104, 12)
::mem_pestat] analyzing insert size distribution for orientation FF...
::mem_pestat] (25, 50, 75) percentile: (70, 187, 2640)

Please note:
The fastq input files provided have been gzipped to compress the large fastq files, many
types of software like BWA will accept gzipped files as input.

The last part of the command line > mapping. samdetermines the name of the
output file that will be created in SAM format.

SAM (Sequence Alignment/Map) format is a generic format for storing large
nucleotide sequence alignments that is illustrated on the next page. Creating our output
in SAM format allows us to use a complementary software package called SAMtools.

SAMtools is a collection of utilities for manipulating alignments in SAM format.

See http://samtools.sourceforge.net/ for more information. There are numerous options
that control the way the SAMtools utilities run, a few of which are explained below. To
get brief explanations of the various utilities and the different options or flags that
control each utility, type samtoolsor samtools followed by one particular utility on
the command line like e.g.:

samtools

samtools view

To have a quick look at the first lines of the SAM file you just generated, type:
head mapping.sam

The SAM/BAM file format is illustrated on the next page.

12
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> M e

File format: SAM / BAM (each line: one aligned sequence read)

/

The SAM/BAM file format is very powerful. It is unlikely that you will need to work with
the contents of a SAM/BAM file directly, but it is very informative to visualize it in a viewer
and it is a great format to do further analysis with. The format specifications are at
http://samtools.sourceforge.net/SAM1.pdf. Below is a brief overview of the information

~

kcontained in such files.

)

Bitwise flag with

read pair

information

Mapping
quality

Chromosome/
reference
sequence to
which read has

Alignment

mapping information

Left-most
mapping

Left-most Sequence to which

read mate has been position of

Query name,

1.e. name

sequence read

mapping
position of
read

been mapped

read mate

mapped

of
(‘= means same)

ONAME vy

IL23 4880:2:1:13282:2618#11
ATGACAAGGCTT%CATTACTAAAACGACCTCGCAGAAACCGAAAAAGTGCAGCCGTTCGATCTATAATTCAAGAAACCCAACTCTGTTCTAGT ACTTGATCTGGCCC

BBBBBBBBBBEBB
XT:A:U NM:i

IL23 4880:2:13:17651:14038#11 099

TGACAAGGCTTC(
CCCCCCcccccccq

XT:A:U NM:i{0 SM:i:37 AM:i:37 XO0:1i: X1:i:0 XM:i:0 X@:i:0 XG:i:0 MD:Z2:108

IL23 4880:2:1:13282:2618#11 83 AM884176.1 148 60 108M = 1 -255
GAGAGTATGCCTGEGAGTATACAGATGGAGTTTAGACATGGTCTCTAAAGAGTTAGAGAGACTTTGTACGATAGGATTGAAAGCAGTTATCCTCTTTCCTGTAATTGAT
AAA??C2B?AACKCAACCRACCAACA=B?AA=C =CB?CAC;=CCCCRACCCCCCIBCCCCCCCBCCCCCCCCCC?CCCCCCCCCCcCcccccceccacceceececccecce
XT:A:U NM:ij0 SM:i:37 AM:i:37 X0:41:1 X1:i:0 XM:1i:0 XO0:i:0 XG:i:0 MD:Z:108

IL23 4880:2:13:17651:14038#11 147 AM884176.1 97 60 108M = 2 -203
TTGATCTGGCCCATCTTTCTTAAAGATGGCTCTGAATTCGAGAAGAAATAGAGAGTATGCCTGGAGTATACAGATGGAGTTTAGACATGGTCTCT. GAGTTAGAG

@BAA-B@RRE3A

XT:A:U NM:i¢

RBEBBQ ; @BBA=B@BRE<B@

~ TLEN
255

RNAME
AM884176.1

FLAG
163

CIGAR RNEXT
108M

PNEXT
148

MAPQ
60

SEQ QUAL

BEEBBBEBEBBBEBEBBBBBEB¢BBABBBCBEBBBACBEBBBAB(BEBBBBEB( ; CBB(BABB1ABBCABBEBB4 ?BRE@B>GAR
0

:@=8@ ;A>80>=(@
SM:i:37 AM:i:37 X0:i:1 X0:1:0 XG:i:0 MD:Z:108

60 108M 97 203
TCTATAATTCAAGAAACCCAACTCTGTTCTAGTGAQTTGATCTGGCCCA

=BAAAA7??ABBA?A?AA=ATAAAAA<A?AA? ; ?@><PAA??=A+6A><&

2
[ATTACTAAARACGACCTCGCAGAAACLGAAAAAGTGCAGCCGTTC
[CCCCCCCCCCCCCCBACCCACACBOBCAABAAAAACCBABCAAC

BEB>BBBBBEBBBBBBBBBB<H
Xl:sde0 XMsds 0 N

CBBBBBBBBBEBEB>BBBEBEBBBBBBBBBEBBEBBBEBBEBBBHBEBBBBBEB

0 SM:i:37 AM:i:37 X 0:1:0 XG:i:0 MD:Z:108

S

DNA

sequence of
read

\
Template length =

length of plus
distance between mates

Quality of
each base in
read

Mapping
tags of

BWA

Save

Man

\With

/Next we want to change the file format from SAM to BAM. While files in SAM format \
store their information as plain text, the BAM format is a binary representation of that

same information. One reason to keep the alignment files in BAM rather than in SAM

format is that the binary files are a lot smaller than the plain text files, i.e. the BAM format

reduces the time the computer has to wait for slow disk access to read or write data.

chromosome/reference sequence and position) and indexed, which enables fast working

s expensive storage space (sequence data are generated at an ever increasing rate!) and

y visualization tools can read BAM files. But first a BAM file has to be sorted (by

the alignments.

/
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Stage 3:
To convert our SAM format alignment into BAM format run the following command:

samtools view -qg 15 -b -o mapping.bam mapping.sam

AN N

Flag: output in BAM format  Flag: output file name Input file in SAM format

°) Terminal

samtools view -q 15 -b -o mapping.bam mapping.sam

N
Note the ‘flag’ —q 15 tells the program to discard sequence reads that are below a minimum
quality score. Poor quality reads will therefore not be aligned.

Stage 4:
Next we need to sort the mapped read sequences in the BAM file by typing this

command:
samtools sort -o NV.bam mapping.bam
\ Flag: output file name

This will take a little time to run.
By default the sorting is done by chromosomal/reference sequence and position.

%) Terminal

samtools sort -o NV.bam mapping.bam

Stage 5:
Finally we need to index the BAM file to make it ready for viewing in Artemis:

samtools index NV.bam
samtools index L2b.bam

il T~-~1nal
iles
samtools index NV.bam

Stage 6:
We are now ready to open up Artemis and view our newly mapped sequence data.
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Module 4: Mapping Short Reads

1. Start up Artemis.
Double click on the Artemis Icon or type ‘art &’ on the command line of your terminal
window and press return. We will read the reference sequence into Artemis that we have
been using as a reference up until now.

Once you see the initial Artemis window, open the file L2 _cat. fasta via File — Open.
Just to remind you, this file contains a concatenated sequence consisting of the
C. trachomatis LGV strain ‘L2’ chromosome sequence along with its plasmid.

HOpefully you Wlll ey % Artemis Entry Edit: L2_cat.fasta
haVe an AI‘temiS WindOW File Entries Select View Goto Edit Create Run Graph Display
. . Entry: [v]L2 cat.fasta
llke thlS! Nu?hinq selected
If]’lOt, please ask a - LT 1 L A

1 W R P

demonstrator for assistance. L T 1 A TR A TR (NI

AMBB4176.1

|see [1608 |2a00 |3200 |a000 [EEL [se00 |sa00 [7200
@nce the L2_Cat.faSta 1s a\ T 1 A (T T 1 T AT T R

concatenation of two DNA T T T T N R T A TR T L T T AN MR R TR LAY
W I T TR N R TR T T N A WA R TN BTN

sequences (chromosome . o

and plasmld) lt dI'aWS tWO M* T0 RG LF PH LY L# KN RD F'L RA RE NT RE KK S\r AO AP VF RD sL I# IF OK EK TP QN LS Cv sL Sv DT L* IS wG F'P IS FF LL KK DM Gi:

Re D KAE ST T T KT T ST K PRI K KGR ST RAISEE T Y N S S RN PES T E E R B D S H SRS SR W

features automatically to

20 60 20 100
TACTGTTCCGAAGGTAATGA GCTGGAGCGTCTTTGGC CACGTCGGCAAGCTAGATATTAAGTTCTTTGGGTTGAGACAAGATCACT GAACTAGACCGGGTAGAAAGAATTTCTACC

representthem’onein e E S N S N R G R A RS R E N AN A R D T L NS WS R0 EV C S K T 0 G M K RS NS P,

HECEPEKEW RS ENCE RN SIENGE FRENCE G NE S AR N (W G S E R N R S VO DI PR 6 M D N K O T
‘SLAEMVLLVECFGFFHLREI+LELFGVRN+HSSRAWRE#LH |
A" e —— ]

fasta_record 1 1038842 AM3B4176.1
w 1038843 1046341 AMBB6278. 1

< il I [»]

orange and the other brown.

2. Now load up the annotation file for the C. trachomatis LGV strain L2 chromosome.

? Artemis Entry Edit: L2_cat.fasta

] T = P
C“Ck Flle File| Entries Select View Goto Edit Create Run Graph Display
3 Show File Manager ...
then Read Read &n Entry ...
)

An Ent Read Entry Into »

Yy Read BAM / VCF ... ] O 1 I

SaXe Defaul i Entny e 11 T A (1T [ T

Save An Entry
Save An Entry As
Save All Entries

T 1 T A1 A IR NI RV T

v v

Write =

@ Selectafile... 6400 7200
Clone This Window L L
Save As Image Files (png,| Look In: |C3Module 4 Mapping lv‘ @EE‘@EE: mie e n o
Print... -
Print Preview (=1 BCFs O [ M O I A AARN
Open in DNAPlotter (S nalaria

[ L2 cat.enbl e [T

Preferences e
I D L2 cat.fasta
Close s
: i LPLLK.I DLIWPTIFLTEKTE DG
SlngleC“Ck/*qcFHY#N] VT *xSGPSFLEKHMEA
2 . D KASTITE KT * L DL AHLS #RW.I
to select TGACAAGGCTTCCATTACTARRAG | TGACTTGATCTGGCCCATCTTTCTTARAGATGGE
3 20| File Name: [L2_cat.embl | l1o0 120
EMBL file TACTGTTCCGAAGGTAATGATTTTG! Rape ;L2 cat. | ACTGRACTAGACCGGGTAGAAAGARTTTCTACCS)
. ¥ L S G NS F R| Files of Type: [Artemis files ‘v‘ S KIQOGMIKI RLSP.II
HCPKW®W#+ F ! ‘ ¥ QDPGDKEKTFTIA
S L AEMUVLY ———— HSSRAWRE $LHS
!,m I e e s *l Wl ‘ Cancel ‘ -
1
fasta_record 1 1038842 AM384176.1
fasta_record 1038943 1046341  AM336278.1
<] Il [ |

3 | Single click to open file in Artemis then wait
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Module 4: Mapping Short Reads

To examine the read mapping we have just performed we are going to read our BAM file
containing the mapped reads into Artemis as described below.

Please make sure you do not go to a zoomed-out view of Artemis, but stay at this level, as
display of BAM files does take time to load!

Artemis Entry Edit: L2_cat.fasta

Read in a
BAM file

File| Entries Select View Goto

£dit Create Run Graph Display

Show File Manager ...
Read a&n Entry ...
Read Entry Into

40 = complement (4302}

Read BAM / VCF ... #

[ T R AT R A RTTRATIY

Save Default Entry
Save An Entry
Save An Entry As
Save All Entries

ctrl-s

v v

I II?TIEI!AIII IO WOEnET et Ic:bll 1 W
as
TR RN T TR A e A T Illm——bllllll 0 1 1 N Y TR

Write

misc_feature feature

Clone This Window

Save As Image Files (png/jpeg)...

Print...
Print Preview

|z200 |5000| |ase0 |s600 |saoe |7200 |seoe |ss00 |osoe l10
<

tRNA- Ala
[

L 1 R A A T AT T T A T

Open in DNAPlotter

L T T 11 TR AN T 11 A A R I R TR TR TTﬁEil 1

Preferences

— B/ : S : [ (VNN . T O RN

Close

D003 &

BAM / VCF file:

MTRLPLLKRPRRNRK| is'eled"'k‘DLIlr‘#F'IFLKDGSGIF{EEIESNPG\.’Y

XL G HE Y e NS D ATCE T B Add More NV T * S GPSFLKMALEFEIKKS+FRVCLEY "’
D K AR ST K TS Q K P K K 2 [k D (A H L S # R W L W N S R R N R E Y AW S I

SR SARSES MU P VS B G ER G ERE ER R RS E R TS S R R | ERG S RS NGRS HER SN S S R AR RO S g 68 SR H S RO RS ER B SRR E ER S Sy S D el |E S T

<[]

Click
Select

Look In: ‘ljl-lodule_tl_rﬂappinq

’vl E In: }m Module_4 Mapping ‘V‘ @

Select NV.bam

= BCFs . ) Fs| YTz cat—festabgt [) NV.ban
I malaria f||e and CI|Ck Open laria [y L2_cat.fasta.pac [} NV.bam.bai
[ L2b.bam (and then on OK) sai [y L2 cat.fasta.sa [)NV_1.fastq
[y mapping. bam , cat.embl [ L2b.bam 0 NV_2.fastq
[ nv. bam [ L2_catfasta [y L2b.bam.bai Y R.sai

| [y L2_cat. fastasagh [} mapping.banm

! [y L2_cat.fasta.ann ping.sam

/
File Name: [ // | | File Name: [ |
Files of Type: “BAM / VCF files / |v‘ Files of Type: |A11 Files lvl
[4 N |
| Open H Cancel l I Open H Cancel |
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Module 4: Mapping Short Reads

/Y ou should see the BAM window appear as in the screen shot below. Remember these \
reads are of the Swedish NV strain mapped against the LGV strain L2 reference genome. In
the top panel of the window each little horizontal line represents a sequencing read. Notice

that some reads are blue which indicates that these are unique reads, whereas green reads
represent “duplicated” reads that have been mapped to exactly the same position on the
reference sequence. To save space, if there are duplicated reads only one is shown, which
means that there could be a large number of duplicated reads at a given position but the

Qoftware only depicts one. /

WT-Course [Running]

Artemis Entry Edit: L2_cat.fasta -ty @) 1824 2 I
File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]L2 cat.fasta [v]L2 cat.embl

One_selected base on reverse strand: 1042040 = complement ({4302)

41884176.1 | w | V] Hide

e A s T L N R Y R A RN T NN TR
o
0 o 0 am e wom | | WD LI
R R R R L R IRE A (IR LRl
Use the sliders to scroll
|s00 |1608 |2400 |3200 0 losoa < 0 1
‘
TR R N R IR thFOUgh the genome and e N N i
RN EIRORIN i T —
11 01l RUIRL to zoom in and out. 0w
nqra CTLOOO3 bud
[ ;
l}iTRLPLLKRPRRNRKSAhVRSlIOETDLC SDLIWPIFLKDGSGIF{EEIESMPGVYF{WSLA
Y PFDLES®SFKKPNSYLYT G L VCLEYTDGV+j

.DKASITKTTSQKPKKCSRSIVNSRNPTLF+"LDLAHLS&RWLWNSRRNREYAWSIQMEF
E .;‘Ll.;:.;;: ACCTCGCAGARACCGAARRAGT GCAGCCGT ;1 ;l.,..Au CTAGIGAC GC B CTCTGGARTTCGAGAAGARAT AGAGAGT ATGCCT GGAGT ATACAGE l'l:

= 1.
TﬂCfGITCCGﬂMGTMTGh GCTGGAGCGTCTTTGGC! accrcsccmocmcnnrmwrrc GGGITGAGACAhGﬂTCﬂCI'GMCfAGﬂOCGGGfAGAMGﬂAmCMCCGﬂGACC AAGCTCTTCTTTATCTCTCATACGGACCTCATATGTCT ECCTCMAT
S FRGRLFRFLA I A v s q LS R G R R E RSP E NP I SRS S I SN E N I G P T
HCPwa+FSRASVSFTcGNSRvNLFGLETRTVODPGDKKFIARSNSFFVLTHRSVVSPTx

QO PR0 OBz

~

/If you click a read (1 & 2) its mate pair will also be selected. Also note that if the cursor
hovers over a read for long enough details of that read will appear in a small box (3). If you
want to know more then right-click and select ‘Show details of: READ NAME’ from the
menu (4). A window will appear (5) detailing the mapping quality (see over page),
coordinates, whether it’s a duplicated read etc. If this read(s) covers a region of interest,
Kbeing able to access this information easily can be really helpful. /

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta
3 selected bases on forward strand: 101..103

1L3_2745:1:7:1590:1302

191ze 322 Mate Coordinates 547..583
mapgq=60 Mate Length 37
3 rname=AMS84176.1 Mate Reference Name  AMS884176.1
: 3 Mate Inferred Size -322
11 | II | I | b— Strand.(read./.mate)' s 11 Il Wpate Mapping Quality 60
Add BAM ... Mate Cigar String 37M
11 | ] | | 11 BAM files Mate Strand -
Analyse EIG%V e 5
- uplicate Rea no
AMBS410.1. Views Read Paired yes
EOO 1200 |—300 BOO Colour B First of Pair no
¥ Mate Unmapped no
I 1o 1 Show Proper Pair yes
Read Fails Vendor
Graph Quality Check no
1 11 1 1 [0 Asynchronous Read Unmapped no
7 Z Second Of Pair yes
111 | 11 11 1 | BamView Height
A Read Bases:
Tl - AAAARAGAACAATTTGGATCCTATGCGTCCCATCCTT
il Filter Reads ...
List Reads ... L Close |
Clone window
Go to mate of : IL3 2745:1:7:1590:1302

4 Show details of : IL3 2745:1:7:1590:1302
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Module 4: Mapping Short Reads

“Mapping quality”’- The mapping quality depends on the number of mismatches between
the read and the reference sequence as well as the repetitiveness of the reference sequence.
The maximum quality value is 99, whereas a value of 0 means that the read mapped equally
well to at least one other location and is therefore not reliably mapped.

You can actually use several details relating to the mapping of a read to filter the
reads from the BAM file that are shown in the window. To do this, right-click again
over the stack plot window showing the reads and select “Filter Reads...”. A window
will appear with many options for filtering, as shown below.

= Artemis Entry Edit: L2_cat.fasta
File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta [v]L2 cat.embl
MNothing selected

[»

Add BAM ...
BAM files
Analyse
Views
Colour By
Show
Graph =
hemB ¥ Asynchronous P
| | | I | B | | BamView Height » Ir nl | | _
11 | ]| | B | 11 |
Read Coverage Threshold ... | i
AMBE4176.1 List Reads ... nisc_feature
l165 200 |00 Clone window Joco z0e leoe
| I 111 | 111 | 1 |
1 11 11 | 11 | I
I 11 | 11 11 | I | | | I | [
0] O
M NO '\ Filter Reads
By Mappying Quality (mapg) cut-off:
| | seT |
Reads Wlth By S&M FLAG column:
elect below to show or hide only the reads with
ess an e Sel hel id 1 i
. the flag set.
map_pmg v Read Paired
quallty are 4 v Proper Pair / . . \
not shown Filtering reads for
' HIDE |w Read Unmapped 0,0 c
Try 30 repetitive regions or
- - Mate Unmapped :
secing
v Read on Negative Strand .
properly-paired-reads
v Mate on Negative Strand
only can be really
First of Pair
M \_helpful.
HlDE the v Second of Pair
proper pairs v Not Primary Alignment
What L 4 Read Fails Vendor Quality Check
happened') - Duplicate Read
Close P
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Module 4: Mapping Short Reads

As mentioned before, to save space if there are duplicated reads only one is represented. But
often one may want to know the actual read coverage on a particular region or see a graph of
this coverage. You can do this by adding additional graphs as detailed below.

WT-Course [Running]

Artemis Entry Edit: L2_cat.fasta - ty ) 1824 2 %
File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]L2 cat.fasta [v]L2 cat.embl

One selected base on reverse strand: 1042040 = complement (4302}

AM884176.1 | w | ] Hide

lh:DII L 1 s 2 0§ TR A W AT RO TN T A MU
heng res |
R A AR (A TR TR - L T T T | AR B TRV
p
L 1 s 1 T Y T AR TR
CTLO0AS x|
T I D 153 1=
AMBB4176.1 misc_feature misc_feature feature
l1608 |2400 |3200 Boaol |a800 |s600 |sa0a |7200 |goce |3=00 |os0a ugﬁloo |z
RA-Ala misc_feature |
LI B 11 R A LY LA 1 EE 11y
recB
(I T 1 A R TR R AT R TR A L T 1 Y
recC |
LTV V1 s s 1 T A A T TR | L AT AT
ngra CTLO0B3 IS
«JIT ’I I»
M T RLPL L KRPFPRRNRKSAAVRST T OET/O L CS5 S b L TWPIFLKDGSGIREETESNPGCVYRWS L]~
* HY # NDLAETEKVYQPFDLGS$FKEKPHNSVLVYT®*

S GPSFLKMALETFEIKEKGFRYCLEYTDGV +H=
. D KASITKTTSOQKPKEKCSRSIYNSRNPTLFG+*LDLAHLSS$RWLWNSRRNREY AWSTIOQMEEF
BTGACAAG CATTACT AARACGACCT CGCAGARRCCGARRAAGT GCAGCCGT TCATCT AT ART TCAAGAARECCAACT CTGITCTAGTGACT TGAT CTGGCCCA ABAGATGGCTCTGGART TCGAGRAGARAT AGAGAGTATGCCT

20 00 1l
TACTGTTCCGAAGGT AATGATTTTGCTGGAGCGT CTTTGGCTTTTTCACGTCGGCAAGCT AGAT ATT AAGTTCTTJ GGGTTGAGACAAGATCACT GAACT AGACCGGGT AGAAAGAATTTCTACCGAGACCTTAAGCTCTTCTTTATCTCTCATACGGACCT CATATGTCTACCTCAART)
. VLSGNSFRGRLFRFLAATRDTITIZXS WSOQELSKTIOQOGMKRLSPEPIRSSISLIGPTYLHLEK
HCPKW®+FSRASVYSFTCGNSRYNLTFGLETRTVYOQDPGDEKIKTFTIARSNSFFYLTHRSYVSPT#

IPPED BRIt

There are different views and graphs to display that you can
choose from, for example: right click here and select ‘Graph’ then
‘Coverage’ from the menu.

See below.

WT-Course [Running]

Artemis Entry Edit: L2_cat.fasta - ty @) 1328 2
File Entries Select View Goto Edit Create Run Graph Display

Entry: [V]L2 cat.fasta [v]L2 cat.embl

‘One selected base on reverse strand: 1042040 = compl (4302)

You may have to
readjust the size of the
panels to see both
views at once. Make

the panels bigger by \ 2
ClICklng at the edge of —H’YW/I':‘N LT T L AT N Y N

Il \I‘fr\ﬁdll\ LT N AT Y e TEREIEETI W e Coeene e e e N

asp

a panel and dragging e e I TR T T e
. i1 12—

the Wlndow 400 |3200 @oool @aoo@ |s600 msc_ng:Dtoure feam[;zoo lgoce |ss00 |os00 ugﬁmo Coverage

downwards. LTI RHTEE ) e i plot. Right

Ay T T R T AR R TR R R R TN TR T TR AN == )

AT 00w o e cowomnn oome wodii| — click for more

You may also need to weeanerl options.

use this slider to

adjust the Stack View

too.
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Module 4: Mapping Short Reads

There are several other ways to view your aligned read information. Each one may
only be subtly different but they are very useful for specific tasks as hopefully you will
see. To explore the alternative read views right-click in the BAM panel (1 below) and

select the ‘Views’ menu option (2 below):

o Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta L2 cat.embl
Nothing selected

Add BAM ...
BAM files
Analyse

Views

Colour By
Show

Graph

¥ Asynchronous

[0 Inferred Size
M Stack

[J Paired Stack
[0 Strand Stack
[0 Coverage

BamView Height

[J Coverage by Strand

Filter Reads ...

 — | TN AR

[J Coverage Heat Map

Coverage Options »

— I |||||||'?—‘h Read Coverage Threshold ... [VWTTIITITT TITT T
T 1111 R TR R TT AR AN R IR II?III List Reads ... A RN N
Clone window aspC
L (v e 1 e s 1 11
CTLOOOG -
13 1073 3
AM384176.1 misc_feature misc_feature feature
|soa |1600 |2400 |3200 |a000 [EEL - |s600 6400 |7200
tRNA- 413
L 1 1 S B 1 T 1
recB
L A 1 A R AR 111 (1 N 1A ATNT
T 1 il 1 1 T T T NN -
— ngra CTLOOO3 >
i »

We have already looked at ‘Stack’ view.

The Coverage view: just like adding the coverage plot above you can also convert the
Stack view to a coverage view. This can be useful when multiple BAM files are loaded
as a separate plot is shown for each. You can also look at the coverage for each strand
individually by using the Coverage by Strand option. You can now also view the
coverage as a Heat Map, with darker colours displaying higher coverage.

The ‘Strand Stack’ view (shown below), with the forward and reverse strand reads
above and below the scale respectively. Useful for strand specific applications or for
checking for strand-specific artifacts in your data. See picture below.

~

/

Artemis Entry Edit: L2_cat.fasta
File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]L2 cat.fasta
One selected base on forward strand: 489

AMB84176.1

[100 ls00

[«

«JuT
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Module 4: Mapping Short Reads

Alternative views continued:

d) The ‘Paired Stack’ view (inverted reads are red) joins paired reads. This can be useful to
look for rearrangements and to confirm that regions are close together in the reference and
the genome from which the aligned reads originate.

0F¢ Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [V]L2 cat.fasta []L2 cat.embl
One selected base on forvard strand: 2480

(I
[
[ |

[ e

FHHEEE i
[

[ N
Fom e

(al
[

100 |2a00 |z700 |z000 |3300 |3s00

(O
[ Rl

It et
e
Il I e

[ |
(L] I
[ [

<[]

|as00 |a200 lasea

|4

N
e
e e

»

/e) The ‘Inferred Size’ is similar to the ‘Paired Stack” view, but it orders the read pairs \

along the y-axis by their inferred insert size which

of the mates on the reference sequence (1). Optionally you can display the inferred insert
sizes on a log scale (2). Note that [llumina libraries are usually made from size fractionated

DNA fragments of about 250bp-500bp.

So this is not the actual library fragment size, although you would expect it to correlate

closely, and be relatively constant, if your reference was highly conserved with the

sequenced strain. The utility of this can seem a little obscure but its not and can be used to
\look for insertions and deletions as will be shown later in this Module.

is calculated from the aligned positions

/

Entry: [v]L2 cat.fasta [v|L2 cat.embl
MNothing selected

™ ) Artemis Entry Edit: L2_cat.fasta
File Entries Select View Goto Edit Create Run Graph Display

The read pairs are ordered along

the y-axis (3) according to their
inferred fragment size calculated
from the aligned positions of the
ates on the reference

)

BAM files >
Analyse o
Views ¥ ¥ Inferred Size
Colour By » [0 Stack
Show » [ Paired Stack _—
Graph »| [0 Strand Stack [ et |
= — 1 W Asynchronous [J Coverage =
2 BamView Height »| I Coverage by Strand .
hemB ™ Use Log Scale I Coverage Heaf Map I [4]
R e Il FERFEIEEN] - Filter Reads ... Soyerage OntIonsiohils|| =il =
Read Coverage Threshold ... e
e rrn [0l (A1) (S sk I I e
T Clone window
AMBE4176.1 misc_feature| Go to mate of : IL3 2745:1:2:1691:1159
380 |seo [908 | Show details of : IL3 2745:1:2:1691:1150 [2100 2400
| Ml [ A O I O [ A A I L | e B 01
| il I (| e N I [l 1t 1 A B 1 [l
L B Y I O I 4 il
ngqra CTLOGO3 | ¥
] »|
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Module 4: Mapping Short Reads

Viewing SNPs

Start by returning your view back to ‘Stack’ view.

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta [|L2 cat.embl
One selected base on reverse strand: 22 = complement (1046320}

Add BAM ...
BAM files
Analyse
Views
Colour By
Show
Graph

¥ Asynchronous

v wlv v v w

[ 11 S TR R [

i ]

FEErmr e Il 0 O I A 1 BamView Height » fark I
1 I A T (1 I | I I O Use | = [ e e | R

_0Q d

Filter Reads ...
|z00 |s00 looo [1200 [1500 [1800 List Reads ... |2700 |ze00 |30

Clone window
I [ [ A O [ N i | [ BT T LI L] I'l

| I [ [ | T O [l 1 e I B B 1 T e A A
[ S A N I (I Il I e
I »

#‘”KNTERAILLTT*LFH&‘SGHFTDRLYHEGFHG#RDFIFAARNVVRI+RKVLSGSE

AMBB4176.1

KK SRSV EES TREE & 20 /DUy BN QR sDE ST BRI GEYT R D SR ME G K G ST Qg e MEES L E Y ST e K ST QATE!
KK R AT R YR P N S NS ST i T BT ERR G e T SRR G GE WE e (S B | GRS RS RE G NS AT K S e T R A K

To view SNPs use your right mouse button to click in the BAM view window (the
panel showing the coloured sequence reads; 1 see above). Then in the popup
menu click on 2 ‘Show’ and 3 and check the ‘SNP marks’ box. SNPs in your data in
comparison to the reference sequence are shown as red marks on the individual
reads as shown below.

) Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta []L2 cat.embl
One selected base on reverse strand: 22 = complement (1046320)

(e [ R N e (I LA B
rr e e I 0 I B B B L ) A (O
T B B | [ L I | [ 1] | Il ] R

AM3B4176.1
|z00 |600 lose |1200 [1500 [1800 |2100 [2400 |z700 |z000 |330

| (N [ 1 O B B A (O Y A | L | 1 A B [ LT Il
| il l (| T I [ L L 1 Y A A 1 I e B U B A
[ R 1 I A i | I L I

v

[ d

|‘J_| [»

Jt KEONST E- Re A Te | GL T T 0 L OE He # °S: G0 HUGECT “DORE L Ye HUENiGE E GH 6T # GRTDZEUTE EOAT AL RGNS MT W URT R K VLS G s[a
K KIPSVLSC®#QPDYFTHN Q DT S RETEGSYE VTSR DA B M G K GE T S S A Q Q ESMESEEEE Y. S E K S NEZQE E
I 0 ) 0 f 00 - U N T T A [ ST A (B LY 5 S [ T 5 0 00 5 - (7 0 = M | S K C R + N T A K S T R K |
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Module 4: Mapping Short Reads

In other words, the red marks appear on the stacked reads highlighting every base in a read

that does not match the reference. When you zoom in you can see some SNPs that are

present in all reads and appear as vertical red lines, whereas other SNPs are more

sporadically distributed. The former are more likely to be true SNPs whereas the latter may
kbe sequencing errors, although this would not always be true. )

True Sequencing True
SNP? errors? SNP?

" =
F

\

= =———————J

l i,

If you zoom in further, the sequence of the individual sequence reads and the actual
SNPs become visible, with the reference sequence highlighted in grey at the top. If
you click on amino acids or bases in the sequence view (1), they will be highlighted
in the sequence reads (2).

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]L2 cat.fasta [|L2 cat.embl
3 selected bases on forward strand: 64181..64183

64121 54141 64161 64161 54201 54221
TGCGTTATGAAGAAGCGATTGCCTGTTTTGATCGARTTGCGCAGT TAGATCCATGGARTCCTCARGGTCTATACAAT ARAGCGGTCATTTTATCAGAT ATGGAGGATGAGGAAGGCGCTATTGATTTAT
TTGGATCCATGGAATCCTCAAG TABAG TTATCAGAT ATGGAGGATGAGGAAGGCGCCATTGATT AT |
TGCGTTATGAAGA GCGCCATTGATTTA;
TGCGTCATGAAGA 2 GATATGGAGGAT GAGGAAGGCGCCATTGATTTA
TGTCTT AAGCAGTCGTTTTATCAGAT ATGGAGGAT GAGGAAGG =
TGCGTTATGAAGAA TCCATGGAATCCTCAAG ARAGCAGTC GGAAGGCGT CATTGATTTA;
AGTTGGATCCATGGAATCCTCAAGET BT AL GGAGGATGAGGAAGGCGCCATTGATTTA:
TGCGTTATGAAGAAGCAATTGCTTG GGTCTATACAAT AAAGCAGT CGTTTTATCAGATATGG AGGCGCCATTGATTTA:
TGCGTTATGAAGAAGCAATTG CTCAAGGTCTATACAATAAAGCAGTCGTTTTATCAGA  GGAGGANGAGGAAGGCGCCATTGATTTA,
CCTCAAGGTCTATACAATAAAGCAGTCGTTTTATCAG _ _ GGAGGATGAGGAAGGCGCCATTGATTTA;
TGCGTTATGA TGTTTTGATCGCATTGCGCAGTTGGATCCATGGAATC  — AGGTCTATACAATAAAGCAGTCGTTTTATCAGATATG AAGGCGCCATTGATTTA;
TGCGTTATGAAGAAGCARTTGCTTG CAGTTGGATCCATGGAAT CCTCAAGGTCT AT ACA: GTTTTATCAGAT ATGGAGGAT GAGGAAGGCGCC TGATTTA
TCCATGGAATCCTCAAGGTCT AT ACAAT AAAGCAGTC ATCAGATATGGAGGATGAGGAAGGCGCCATTGATTTA
ATGGAATCCTCAAGGT CTATACAAT AAAGCAGTCGT GGAAGGCGCCATTGATTTAT]
ATTACGCAGTTGGATCCATGGAATCCTCAAGGTCT A COTTTTATCAGAT ATGGAGGAT GAGGAAGGCGCCATT -
AGTTGGATCCATGGAATCCTCAAGGTCT ATACART AL TTTATCAGATATGGAGGAT GAGGAAGGCGCCATTGAT
GGTCTATACAAT AAAGCAGTCGTTTTATCAGATATGG  TGAGGAAGGCGCCATTGATITATI=
AGCTGGATCCATGGAATCCTCAAGGTCTATACAAT A GTCGTTTTATCAGAT ATGGAGGAT GAGGAAGGCGCCA, TTAT—
TGCGTTATGAAGAAGCAATTGCTTGTTTTGATC ATGGAATCCTCAAGGTCTATACAAT AAAGCAGTCGTT GATATGGAGGATGAGGAAGGCGCCATTGATTTAT]
T CTATACAATAAAGCAGTCGTTTTATCAGAT ATGGAGG GATTTAT|
TGCGTT GCAGTTGGATCCATGGAATCCTCAAGGTCT AT ACAR TTATCAGATATGGAGGAT GAGGAAGGCGCCATTGATT
GTCTATACARTAAAGCAGT CGTTTTATCAGAT ATTTATS

IGCCITATGAAGAAGCARTTGCTTCITTT TOGAMTCCTCAAGAT,

AL*¥RSDCLF*SNCAVYRSMET ST SR RSTQJqs#SG6GHFTIARYSG GG GH*GRURY * F I

[i]»]

LRYEEAIACFDRTIAQLDPWNEPAQQ 1EKAVILSDMEDEEGAIDL

COVE M KK R R L T B RS A TG T LK I KRSFYQIWRMPRKALLTIY

|s4128 |sa140 |sa160 |sa180 |s4200 |saz20
ACGCAATACTTCTTCOCT AACGGACARAACT AGCTT AACGCGTCAATCT AGGTACCTT AGGAGTTCCAGATATGTTATTTCGCCAGT AAAAT AGTCT ATACCTCCT ACTCCTTCCGCGAT AACT ARATA

AN R S 0 RN QD R O A T e e DR MR S D B L D L C N o P e L Ly e B B RS LR QRN T
R S S T A 0K S R T N S G HES S G P Ry | e A S s M K D S S T S S S R S R S P A TS K

Q TI FFRMNOGTA KIS SNRLS®S®IWPIRLTS+VYIFRDNS®*TIHLTILEFASNTIS®S

| | >

~

KMany SNP examples are quite clear, however this is not always the case. What if the read
depth is very low? If there are only two reads mapping, the reference is T and both reads are
C is this enough evidence to say that the genomes are different? What if there are many
reads mapping and out of e.g. 100 base calls at a particular position 50 are called as G and 50
are called as T: this could be due to a mixed infection/population that was sequenced, or this
Kwould be typical for a heterozygous locus in a diploid genome... /
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Module 4: Mapping Short Reads

To give you a good biological example for when this type of information and
analysis can be really informative and valuable, now do the following: using either
the sliders, the GoTo menu or the ‘Navigator’, go to the end of the sequence or to
base position 1043000. Adjust your view so you are in Stack view and have the
depth of coverage graph showing. You might also need to adjust the Artemis
window as well as the different panels.

If you adjust the zoom using the side sliders you should get a view similar to the
one below. Notice two things: 1) the depth of coverage steps up at the beginning
of the brown DNA line feature and 2) the coverage falls to zero within a region of
this feature.

What could this mean?

Artemis Entry Edit: L2_cat.fasta
File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]L2 cat.fasta
3 selected bases on forward strand: 1046749..1640751

392.8
B T R O 1 T N
I T 1 ARV TR I JEIETE T T e
T O A T T 1 M RTATTIN 2 (00T MRy
A;M886278.1 ’ o
] |1035200 |1036000 [1036800 [1037600 [1038400 1039200 |1040000 |1040800 [1041600 [1042400 |1043200 |1044000 |1044800 |1045600
[ T llm I (LRI [ (TN | I (/w1
(IR T L0 AR T (Y NI 111 A TR L B T A TR AR

0 R 1R AT TR =

M

<
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Module 4: Mapping Short Reads

SNP marks). This is due to a difference in display of duplicate reads. Reads having the same
start and end position after mapping are considered duplicates and are displayed in green in
the bam view. However, apart from the true SNPs, these duplicate reads are likely to differ in
the sequencing errors, thus have to be displayed individually when the SNPs are displayed

\U!

/Note that the display changes when you switch on the display of SNPs (right click — Show \

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta
3 selected bases on forward strand: 1040749, .1040751

B N AT T AT

L T [ T A 1 I R M

O 1t 1 1 T A ITEEE R T e e m
L O L 1 T AR TR AR LA

| i)

AMBB86278. 1
o [1035200 |1036000 |1036800 |1037600 |1038400 |1039200 |1040000 [1040800 [1041600 |1042400 |1043200 |1044000 |1044500 |1045600
[ (O VT | I | I (RN 0w reeen (L1 i
(AR (N L T A 1 T 0 T TV TR AT
L T T 1 1 A e AT 1AT

b

TN}

v [«]

<«

T]

Coming back to the increase in coverage, the answer is that since part of the
sequence you have been viewing is a plasmid (brown DNA feature) it is present in
multiple copies per cell, whereas the chromosome is only present in one copy per
cell (orange DNA feature). Therefore each part of the plasmid is sequenced more
often than the rest of the genome leading to a higher read coverage in this area of
the plot.

What about the region in the plasmid where no reads map?
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Module 4: Mapping Short Reads

This is where the Inferred Size view for the reads is useful. If you change the view
as before to ‘Inferred Size’ and use the log scale you will see an image similar to
the one below. You may have to adjust the view (1) to actually see the subset of
reads that are shown above almost all other reads in this plot (2). The inferred
insert size calculated from the alignment for this subset of reads is far bigger than
the normal size range of other read pairs in this region (2) and there are no grey
lines linking paired reads within the normal size range crossing this region (3).
Together, this is indicative of a deletion in the DNA of the sequenced strain
compared to the reference!

% Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta 2
3 selected bases on reverse strand: 9093..9085 = complement (1037247..1037249)

B T A4 A 1 W A A T T Y S
L 1 1 AR TR R R ]
T 1 N 1 1 R A AR TR

>

=
=]

1

o |1035200 [1036000 |;03680(i |1037600 Igoaaaooms%f_fgéémo |1040000 |1040500 [1041600 |1042400 [1043200 |1044000 |1044500 |1045600

|1 O 0 B | Il | Il IR e rreen (1111 (/1]

W e L 1 1 TR O Tt A TR
0 1 1 11 VT R A e AT TR TR

L L]

You can also view multiple BAM files at the same time. Remember that a BAM
file is a processed set of aligned reads from (in this case) one bacterium aligned
against a reference sequence. So in principle we can view multiple different
bacterial isolates mapped against the same reference concurrently. The C.
trachomatis isolate you are going to read in is C. trachomatis strain L2b. It is more
closely related to the reference sequence that we have been using, hence the
similar name.

We are not going to redo the mapping for a new organism, instead we have
pre-processed the relevant FASTQ data for you. The file you will need is called
L2b.bam. Follow the instructions below. Start by going back to a normal stacked
read view and zooming in more detail.
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o Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta []L2 cat.embl
One selected base on reverse strand: 22 = complement (1046320}

1 | —» rlght—Clle 2 | e ..
BaM files

Analyse
Views
Colour By
Show
Graph

¥ Asynchronous

v vvwyvivw

LR e e 2RI RERRRIIIL e

FEEEIE Il I Tt [ Filter Reads ... i e R T T || |
Read Coverage Threshold ... BamView :: Select Files L
nrrren [ [T | i e T E

FTerer Clone window = ‘ ERRT— 3

|30 lsea |oee |1200 l1500 |1800 2dd More |z

| [ [ 1 O I [ I A | I 0K I'l

| Il Il | T A [0 1 e 1 B O A 1 T o A 1
[ e I B [ Il | I o
«[] %

KKIUPSV¥LSC#QPDYFTNQ QDTILRIGYTITARDFMSGEKSGILSLOQOQEMSLTEYSETZKSYQaQE
KE ke syaREC TG PRy NSRS S ST T S e e RE TSRS G ey S GEREG ST ST WERYE K GRS SIEEE S K K GEERE G SNSRI AT K S TR R K
< = R ] = s Bl

#"KNTERAILLTT*LFH#SGHFTDRLYHEGFHG#RDFIFAARNVVRI+RKVLSGS%
|

(] BCFs L
I malaria Wlthln the

[ L2b.ban 4  Module 3
[y mapping.bam

03 WV.ban 1 4 | directory
choose
/ L2b.bam
File Name: I /]
Files of Type: [BAM / VCF files //// [~

e A canee |

£ BAM /VCF View :: Select Files
BAM / VCF file:
’me/wt/Module 3 Mapping/L2b.bam|| Select...

Add More

0K 1 5

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta [v]L2 cat.embl

Nothing selected

Note that due to differences in sequencing technology, the
read lengths are different between NV2 and L2b,
contributing to this staggered appearance of reads.

B A I | I [ O 1 [«

In the first instance Artemis reads all the new reads into the % [||| Bl:

same window. This is useful if you have multiple sequencing

|7500

runs for the same sample. But in this instance we want to |
split the reads into separate windows so that we can view SR

a1

them independently. This is done as described below. —
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Artemis Entry Edit: L2_cat.fasta
File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]L2 cat.fasta [v|L2 cat.embl
Nothing selected

P

Add BAM ...
BAM files
Analyse

Views

Colour By
Show

Graph

¥ Asynchronous
BamView Height

:B:')" R IT A ;i;e';jigi-ﬁresw Ll First, clone the BAM view window. | 1l it i
00 0 O W | Gt Reads ... B 4 Right-click over the BAM window (NIRRT
O DI T DL 1 ) Shene vindow — MRE TR

and select ‘Clone window’.

|1600 |2a00 |3200 [Eelele} [Et=lele} - |s600 " |sacn |7200 [(Elelele} |ss0e |oso I;q:mo |11200

b
AMBS4176.1 misc_feature

Artemis Entry Edit: L2_cat.fasta
File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta L2 cat.embl

Mothing selected

If you right-click over the top BAM
window and select BAM files you
can individually select the files as
H desired. This means you can

Add BAM .
BAM files
Analyse

Group BAMs .

M NV, bam
Ll

Views

v vvv|lvw

cotour oy display each BAM file in its own
ow
i window by de-selecting one or the
e syncv ronogs -
:Dhem3 A e T Sl CHEEIEHE T e other flle.
T 1 T R AR MO I Use Log Scale [ - b
Filter Reads ... asp

L A 1 Covtana Thrashald s I T HE TR B II T W AR

3 List Reads ... ) E
. mfa%"feature [1600 |2a00 c.}onf vindoy v = - |s600 mlsc'fl_eefotg ¢ featLI|£79200 |so0a |es00 |os00 Iygémo [11200

Now go back to the plasmid region at the end of the genome sequence
and have a look at the previously un-mapped region located around base
position 1044200. You can see that the newly added BAM file (for L2b)
shows no such deletion with reads covering this region (as shown below).
Have a look at the inferred read sizes, too.

Artemis Entry Edit: L2_cat.fasta
File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta [v]L2 cat.embl
MNothing selected

ang84176.1 [ ] Hide| Close

D]

]

I I AT

D]

T et 1 T T T N B (TR R TR TR

T 1t A 1 B AR AT IIFIII A A T T T ]
[0 R II%[ggsll N R A T A R T T T N T T ||
[T T b T 2 2 S | S | S =

tRNA-Pro AM886278.1 repeat_region repeat_r repeat_region m repeat_regi repeat_region
h35200 [1035000 |1036800 [1837600 |1038400 |1039200 |1040000 |1040500 |1041600 - [1042480 |1043200 [1044000 uoaﬁo 1045600
fm| il
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Module 4: Mapping Short Reads

/Looking at SNPs in more detail \

So far we have looked at SNP variation rather superficially. In reality you would need more
information to understand the effect that the sequence change might have on for example
coding capacity. For this we can view a different data type called Variant Call Format
(VCF). In analogy to the SAM/BAM file formats, VCF files are essentially plain text files
while BCF files represent the binary, usually compressed versions of VCF files. VCF
format was developed to represent variation data from the 1000 human genome project and
\i?&dywbemmm%d%aﬁmﬂmdbmmﬂdﬁMMmmoﬂhw. 4//

We will now take our NV.bam file and generate a BCF file from it which we will view in
Artemis. To do so go back to the terminal window and type on the command line be
patient and wait for it to finish and return to the command prompt before continuing:

bcftools mpileup -Ou -f L2 cat.fasta NV.bam | bcftools call -v
-c --ploidy 1 -Ob --skip-variants indels > NV.bcf

bcftools index NV.bcf

A =@ Terminal

bcftools mpileup -Ou -f L2_cat.fasta Nv.bam | bcftools call -v -c --ploidy 1

-0ob > NV.bcfl]

There are two more steps required before we can view the SNPs in Artemis. First,
we will convert the BCF file into a compressed VCF file:
bcftools view -H NV.bcf -0z > NV.vcf.gz

Second, we have to index the file before viewing in in Artemis:
tabix NV.vcf.gz

Now let’s do a bit of house keeping because many of the files we have created are
large and are no longer needed, before we view our SNP calls in the Artemis session
that’s still open. So please delete the following files:

NV_temp.bcf mapping.sam mapping.bam L2 cat.fasta.amb
L2 cat.fasta.ann L2 cat.fasta.bwt L2 cat.fasta.pac
L2 cat.fasta.sa L2 cat.fasta.fai

You can do this either in your terminal window with UNIX command rm (see below):
rm files
OR you can use the more conventional file manager if you prefer.

O & @ Terminal
rm -f NV_temp.bcf mapping.sam mapping.bam L2_cat.fasta.amb L2_cat.fasta.ann L2_cat.fast
a.bwt L2_cat.fasta.pac L2_cat.fasta.sa L2_cat.fasta.fal
1s
L2b.bam.bai L2 _cat.fasta NV_1.fastq.gz NV.bam NV.bcf

2b.bam L2_cat.embl NV_2.fastq.gz NV.bam.bai NV.bcf.bci




Module 4: Mapping Short Reads

File format: VCF / BCF (each line: one position in alignment)

Reference

sequence Position

REF: base call in reference
ALT: alternative base call in
sequence data

score of

Qi DP=read depth

DP4=REF,REF,ALT,ALT

Detailed information:

Genotype
call info

fname base call MQ=mapping quality

#CHROM POS ID REF P"T QUAL *.:.f‘l—F'O' '

pM884176.1 24267 . C 283  DP=159;AF1=0;AC1=0;DP4=75,84,0,0;MQ=60; FQ=-282

mEBAITE 24268 B 283  DP=159;AF1=0;AC1=0;DP4=73,84,0,0;MQ=60; FQ=-282

AM884176.1 24269 . T 283  DP=156;AF1=0;AC1=0;DP4=75,81,0,0;MQ=60; FQ=-282

aM804176.1 20270 @ A 222 DP=157;VDB=0.1063 ;AF1=1;AC1=2;DP4=0,0,75,82;MQ=60 ; FQ=-282 GT:PL:DP:SP:GQ

1/1:255,255,0: 157 0:99

‘Navigator’.

To look at a region with some interesting sequence variation, go again to the end of the
sequence or to base position 1043000 using either the sliders, the GoTo menu or the

Next read the VCF file that you have just created into Artemis by selecting menus and
options as shown below.

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display

1 | —»

Read An Entry ...
Read Entry Into

Show File Manager ...

ment (1045546..1045548)

/B_ead BAM / VCF ...
Save Default Entry
Save An Entry
Save An Entry As
Save All Entries

= 1y ¢) 00:13 £

Write

Clone This Window

-

Save As Image Files
Print...
Print Preview

(png/jpeg). .. IIRRITTTT &

BAM file:

1 T A T T A
||||| ”"””””] “ "n | AU 0D EUPRUENE I e m e 1
BamView :: Select Files

T w1
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ICERETE TERIEEE e

.1
9200 |1040000 LI

Open in DNAPlotter

Preferences

| select.. t—mms

Close

N R

| [1645600
Add More
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METENRE P
*QGFHY#N
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R
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TACTG'I'I'CCGMGGTAATGA GCTGGAGCGTCTTTGGC CACGTCGGCAAGCTAGATA‘ITMGTI’C GGGTTGAGACMGATCACTGAACTAGACCGGGTAGAAAGAAT‘ITCTACCGAGACCTFAAGCTGTC ATCTCTCATACGGACCTCATATGTCTACCTCAMT
S qQ Q

Look In: l[j Module_4 Mapping

MG -

Q F
MTAGAGWATGCCTG GTATACAGATGGA

Y RW S L

|

Select file NV.vcf.gz

[y V. bam
[y nv. bef

[y NV.vef.gz

File Name:

Files of Type:

[NV.vcf.qz

{BAM / CRAM / VCF files

M

Open

Cancel

30



Module 4: Mapping Short Reads

BCF window showing Adjust the slider and the size
only sequence variation. of the BAM & BCF panel
vy Window to look like this

File Entriys Select View Goto Edit Create Run Graph Display

Mothing selecteg

Entry: [vlL2 Xat. fasta

laMe84176.1 v | V] Hidg

AMB84176.1

AMB86278. 1

Combine Referendes [ Il

IIIIIII L 1 e L 1 1 1 A I W T W AP
L L A 1 1 AN AR AT VTR O T e e

L T A 1 Y TR A AW AT

\\ b
AMBE6278. 1
II;036000 |1035800 037600 |1638400 |1039200 [1040000 |1040800 |1041600 |1042400 |1043200 |1044000 |1644500 |1e45600

) Lo (T AT R RN I Nl
You may have noticed that AR RN L T A R R RN R
the SNPs in the BCF N A T TR A R T AR N TR TN AT N AT AN
W|nd0W are Only Shown 3 AQ ASVRTE 0 M NSRS i R O DGR SR N R T N T?

K CSRSIYMNSRNPTLF4+*LDLAHLSS#$RWLWNSRRNRETYAWS

for the chromosome. To show
SNPs also on the plasmid click and

[Run Graph Display

select ‘Combine References’ here.
The SNPs for the chromosome and
plasmid should now be visible.

‘ I I I Yl 1 N T e TR A TR 1 e O A RN | L

:H'\"III I L {1 1 A O 1 4 TN

il 11 11 O T T RN AT TR [ A R
A O 1 Y T R ARR (T

i ) d

D

LT

I AMBB6278. 1
[1e36000 |1036800 |1037600 |1832400 |1629200 |1040000 |1040200 |1841600 |1042400 |1043200 |1844000 [1044500 |1845600
|

TN I (. (RTIANAmT 0 Ierrme rree 11 1

Below are the details of the three possible colour schemes for the variants in the BCF window panel
(change the colour scheme via Right-click and Colour By). Note that this includes both SNPs and
INDELSs. Scroll along the sequence and see how many different kinds of variants you can find.

1+Variant

Variant A Green

Variant G Blue

Variant T Black

Variant C Red

Multiple Alleles Orange, with circle at top
Introducing stop codon Circle in the middle, colour of variant
Insertion Magenta

Deletion Grey

Non-variant Light grey

2. Synonymous / Non-synonymous

Synonymous SNP Red

Non-synonymous SNP Blue

3. Quality Score

Variants are all on a red colour scale with those with a higher score being darker red
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You can read in multiple BCF files
from different related bacterial
isolates. To do this right-click over
the BCF window and select ‘Add
VCF’ (remember BCF and VCF are
essentially the same thing).

RN ]

Jcombine Re;rences v | Hide VCE files » =
I N CLm L 1t nm ™ Mark new stops within CDS features |y I [ 10 \
Filter ...
I T T A T Colour By P e e A R AT [4]
(T 1 Bt 111 I 1 I M VT B (AT N1 L T T N R A A T
reate 4
L S R W R AR WA YT TR R A ; o T IR A A RR RN T T
Write »
Iimaasz?a. 1 View ’ '
lLo3s5000 |1036800 [1037600 |1038400 |1039200 |1044000 |1044800 |1o45600
Graph »
[ | I I i . .
2= ° \We have provided BCF files for the
L2b LGV C. trachomatis strain.
ook In: |3 s v | (& o o
e ~ = They are in the directory called
e “BCFs” in the Module_2_Mapping
directory that you have been
working in until now.
File Name: 1 |
Files of Type: [ATL Files N" I
Open Cancel I

Artemis Entry Edit: L2_cat.fasta
File Entries Select View Goto Edit Create Run Graph Display
Entry: [VI12 cat.fasta [ 112 cat.embl

You can see the labels (taken from the
file name) for the BCF files you have

read into the window by right-clicking
_and choosing “Show labels”.

Once you have read the
additional BCF file into Artemis
right-click in the BCF window and
check the ‘Show Labels’ box to
make it easier to see which BCF
file is which.

L2b_C1_BWA/L2b_C1.ban [l \ [l \ |
v ban UL T T T T MW Freer 0 e T Hmer v [l ver fites

™ Mark new stops witpin CDS features ——————

B T [l FEEE 1 @Eiﬁgite ot i"mfamples CUCLIENEEnn
L 1T | AR Colour By 0T W1
L1 A T ;:::e 0 AT Y

View [ E———

|1026400 |1027200 |1028000 |1028800 |1029600 |1030400 |1031200 |10320 g:zf_tiew e e b] [1035200 il

™ Show Labels *

T

R TTI (T [ NI e N WTT T

Add VCF ... [l
» |

v v vwvvwv|w

[ 010 [

What you should notice is that L.2b has far fewer SNPs and INDELSs than NV
compared to the reference. This is because L2b is an LGV strain of Chlamydia and NV
is an STI strain. We will come back to these relationships later in the next Module.
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As you may expect by now, Artemis also allows you to filter your VCF file.

OO0 WT-Course [Running]

Artemis Entry Edit: L2_cat.fasta = 13 €) 0029 2 %
File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]L2 cat.fasta

Nothing selected

»

[ [l T

[« T

|combine References |w

L= '

\ \ . \ Bl
Y [ il 1 I N 1 1 AV (T [N ] I

AT T R R Add VCF ... L T T O L B

I R L e VCE files 4 (NN I e e 1 Riaght-click in
NCWNE 0 0 DO T EHmEEDE D CE 1 Iram e 1 Mark new stops within CDS features  [INNWINLLIINEE F0 000 00 TERITLRTEN g

13 ¥ Separate out into samples the window
AMBB6278.1 :
lL03s000 |1036800 |1037600 |1038400 |1035201 Filter i.. 1043200 [1044000 [1044800 l1e4s
Colour By \p- and choose

(A T T (| | e (e e F||ter___
Write
View
Graph
Overview for selected features

v v v w

¥ Show Labels

varians Tlter

Info | Genotype

VARIANT TYPE .

& Synonymaus Have a look through the variant filter
[v] Non-synonymou! o

e window that pops up. You can select
@ Insertions or unselect different SNP types or

[V Multiple alleles

variants to modify your view.
Non-variant sites are important
because they differentiate sites where
the data confirm that the sequence is
the same as the reference from regions
that appear not to contain SNPs

Qmply because no reads map to theny

[v] variants not overlapping CDS
[]Non-Variants

[ Manual Annotation

Filter Overview:
MANUAL_FLAG Manual Annotation
NV_FLAG Non-Variants
/Like the BAM views you can also \
—— remove or include SNPs etc based on

for example mapping score, depth of

> f coverage or sequencing quality in the
p = PROPERTY section listed under the
VARIANT PROPERTY:
MIN MAX INFO tab.

Quality score (QUAL):|

INFO FIELDS:

- Useful cutoff values are e.g. DP of at

MAXMIN MAXMINMAXMIN least 10 and Qual of at least 30
DP4 (Integer) [ E] | i I I ’
MIN MAX

MQ (Integer) |

MIN MAX B
FQ (Float) I

MIN MAX
AF1 (Float) I

MIN MAX
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2. Exercise with data from Plasmodium falciparum

To give you a second example with exercises on how to use sequence read
mapping, SNP calling and Artemis to identify relevant genomic variation, let’'s now
turn to the data from Plasmodium falciparum, the eukaryotic pathogen that causes
malaria in humans.

In the terminal, switch to the folder called ‘malaria’ using the Unix command ‘cd’:
cd malaria

Running a Bash script to do the work for us...

Mapping and aligning raw reads to a reference sequence is a common task in
bioinformatics. To save time and to show you one example of how scripts can automate
tasks we will use a Bash script to perform the following key tasks:

- map sequence reads from the malaria parasite strain IT to the reference sequence (3D7)
using the BWA program

- call SNPs for the IT sequence data in comparison to the reference using the mpileup
component of SAMtools

This shell script is very generic, and thus can be used over and over again to map different
samples (also known as lanes) of sequence data.

" /

To actually run the script, type the following on the command line:

./map lanes.sh IT.Chr5 1l.fastq.gz IT.Chr5 2.fastq.gz
Pf3D7_05.fasta BWA.IT.Chr5

Note that BWA.IT.Chr5 still belongs to your command line! Please also note that this
script will run for several minutes, so please be patient. Lots of information about the

progress of the mapping will be printed to the screen, but its rare you’d ever need to
look at it.

4 N

The commands performed by the script are listed on the next page. While the script is
running, we can have a look at the commands, and the BASH structure. If you are not sure
about certain commands, have a look back at the previous parts of this module or ask a
course demonstrator or a class mate.

. /
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001 O\ L WD

#!/bin/bash

#read in values from command line
fastgl=s1

fastg2=$2

ref=$3

output=54

#index the reference file
bwa index Sref

#map the sequence data
bwa mem $ref $fastgl $fastg2 > Soutput.sam

#create a quality filtered, sorted and indexed bam file
samtools view —-gq 15 -b -S Soutput.sam > $Soutput.tmp.bam
samtools sort Soutput.tmp.bam $Soutput.bam

samtools index S$Soutput.bam

#generate a BCF file and index it

samtools mpileup -ugf Sref Soutput.bam > Soutput.tmp.bcf
bcftools view -bcvg $Soutput.tmp.bcf > Soutput.bcf
bcftools index Soutput.bcf

#clean up your directory of temporary files
rm —-f Soutput.tmp.bcf Soutput.sam Soutput.tmp.bam

#clean up your directory of unnecesary files

rm -f $ref.amb $ref.ann S$ref.bwt $ref.pac $ref.sa Sref.fai
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* Line 1 tells the computer which program to use to execute or interpret this file, in this caseﬁ
is the bash program.

* Empty lines have been inserted for clearer structure and are not interpreted. Lines starting
with a # are comments and are not executed either.

* Lines 4-7 read in the values passed to the script from the command line. These values are
called command line arguments and will be discussed in more detail later.

* Line 10 indexes the reference file.

* Lines 13 aligns the fastq reads to the reference genome and outputs a sam file.

* Line 16 filters the mapped reads and converts the .sam file into a .bam file.

* Lines 17-18 sort and index the .bam file so that it can be viewed in Artemis.

* Lines 21-23 generate a .bcf file and index it.

\\OLines 26 and 29 remove temporary and unnecessary files. /

Variables
In bash scripting, as in any scripting language, you use containers called variables to store
data, change it, and access it later. New variables can be created like this:

name=value

In a bash script, you must do it exactly like this, with no spaces on either side of the equals
sign, the variable name must contain only alphanumeric characters and underscores, and it
cannot start with a numeric character. Accessing the values stored in a variable can be
done like this:

Sname

In the map lanes.shscript we create four different variables and use them to store the
values that are passed to the script from the command line.

fastgl=s1
fastg2=$2
ref=3$3

output=54

Later in the script we access the values stored in these variables. For example, we index
the reference genome by passing the value that is stored in the re f variable to the bwa
index command.

bwa index Sref
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Command Line Arguments

Since we want to use the map lanes.sh script on different datasets, it takes some
arguments on the command line telling it what to work on. These arguments are:
* Name of the input fastq files

* Name of the reference file to use

* A prefix to use when writing output files (e.g. <prefix>.bam).

Remember we have run the map lanes. shscript with the following command line
arguments

./map lanes.sh IT.Chr5 1.fastqg.gz IT.Chr5 2.fastqg.gz
Pf3D7 05.fasta BWA.IT.ChrS

A shell script can have any number of command line arguments which can be accessed in
the script using the variables $0, $1, $2, $3, $4, $5 etc.

* The variable $0 is the script’s name, when run with the command above this variable
will contain the value "./map lanes.sh”

* The variable $1 is the first argument passed to the script, when run with the command
above this variable will contain the value ”IT.Chr5_1.fastq.gz”

 Similarly, the variable $2 is the second argument and will contain the value
“IT.Chr5_2.fastq.gz”

* $3 is the third argument and will contain the value ”Pf3D7 05.fasta"

* $4 is the fourth argument and will contain the value “BWA.IT.Chr5”

The total number of arguments is stored in $#.

When the map lanes.sh scriptis finished running, type 1s to see the contents of the directory.
You should see a new file called BWA.IT.Chr5.bam which contains the results of mapping the files
IT.Chr5 1.fastq and IT.Chr5 2.fastq to the Pf3D7 05.fasta reference sequence.

Why is the file called BWA.IT.Chr5.bam?
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Now back to biology. It is thought that a duplication in the mdr1 gene of P. falciparum is
associated with drug resistance against the antimalarial mefloquine and that it may also
modulate susceptibility to chloroquine, another antimalarial drug. For more information have
a look in PubMed, e.g. at Borges et al. (2011) [PMID: 21709099] or at Mungthin et al.
\(2010) [PMID: 20449753]!

/

Please start up artemis using the following command:
art -Dbam=BWA.IT.Chr5.bam,BWA.IT.Chr5.vcf.gz P£3D7 05.embl &

Once Artemis has started running on your screen navigate to the mdr1 gene
locus using e.g. the Navigator (Goto — Navigator... — Goto Feature With Gene
Name). What can you say about the read coverage at this locus? (you may have to
zoom out to get a good look at the whole region which is between 866,000 and
965,000bp).

So far you looked at the IT strain. What about the mdr1 locus in the Dd2 strain of
the malaria parasite? The Dd2 clone is known to be chloroquine resistant. Add its
mapped reads (a file already prepared before the course) by right-clicking on the
BAMview and choosing ‘Add BAM...". Select the file DD2.Chr5.bam

® 7 7\ BamView :: Select Files
BAM file:

| [setect... | Select DD2.Chr5.bam

0K |

File Entries Select View Goto Edit Create Run Graph Display

N

@ Artemis Entry Edit: PF3D7_05.embl
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It looks like that both the IT and the Dd2 clone have a copy number variation (assuming the
reference was assembled correctly). Is the duplication the same in both clones?
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SNPs

Let’s have a look at SNPs now. To do so, zoom in on the mdr1 gene and make
sure you are in Strand Stack view and have Show SNP marks selected. As
mentioned before, in addition to true SNPs some differences between the reference
sequence and the mapped reads are due to sequencing errors. On average, 1 in
every 100 bases in the reads is expected to be incorrect. In particular, some
sequencing errors may be due to a systematic problem as illustrated below.

File Entries Select View Goto Edit Crfate

N Aften\s Entry Edit: PF3D7_05.embl
n Graph Display

Entry: [v]Pf3D7_05.embl
Selected feature: bhases 4260 amino acidg 1419 MRR1 ous_systematic_id="PFE1150w: exon:1;current=Tfalse"
= =14
- e - =
— =i =
= — = — f -
== =
==+ —-—
S
= = ~— ==
957200 57600 958000 958400 800 58200 3
=T E —
I——— 4 — Y ——=
o
—— == g
==
systematic _
error MDR1 E
300 las7600 las7900 lasz200 laszs00 laszz00 lasg100 lasgaot—
d // I O
2 ./ SNP Sequencing
errors

las7400 las7500

Il

T E E K K K K K K
CAGAAGRAALAALALALALANANAALTIAGAAGT

[957460 957480
CTCTTCTTTTTITTITITTITTTITTITTTATCTTCA
L F F FFFFFFLL
LLFFFFFFTIST
S S FFFFF F Y F Y

Il

Q0 K [ERSERSRESRKERESNRENNE R S/
R R K K K K KK I E Y
+ai |

Qnachines.

/Homopolymer tracks may \

cause systematic errors.

Also, GGC motives can
generate strand specific
errors on certain sequencing

/
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When you zoom in on position 958145 as far as you can go, you can see a SNP: here,
both strain IT and Dd2 have a thymine where the reference (3D7) has an adenine.

What is the consequence of this SNP? Can we tell what effect it will have for the
clones? Is this the mutation N86Y (or also simply referred to as Y86) that may
modulate the degree of resistance to chloroquine? (See e.g. Mula et al. (2011) [PMID:
21810256])

081 958091 958101 958111 958121 958131 95
ATTATCAGGAGGAACATTACCTTTTTTTATATCTIG

Reference

 PTGTTTGGTGTAATATTARAGAACA
ATCTGTGTTTGGTGTAATATTARAGAACA

CATTACCTTTTTTTATATCTGTGTTTGGTGTAATATTARAGAACA
AGGAACATTACCTTTTTTTATATCTGTGTT

AGGAACATTACCTTTTTTTATATCTGTGTTTGGTGTAATA CA

ATTATCAGGAGGAACATTACCTT
ATTATCAGGAGGAACATTACCTTTTTTTATATCTGTGTTTGGTGTAATATTAAAGAACA]
A

TTGGTGTAATATTAAAGAACA]
AATATTAAAGAACA

ATTATCAGGAGGAACATTACC TATATCTGTGTTTGGTGTAATATTARAGAACA

GTTTGGTGTAATATTAARGAACA
Mapp]ng TGTAATATTAAAGAACA]
reads TTTGGTGTAATATTAAAGAACA]

AGGAACATTACCTTTTTTTATATCTGTGTTTGGTGTAATATT

CATTACCTTTTTTTATATCTGTGTTTGGTGTAATATTARAGARCA

GTGTAATATTAAAGAACAYRG

58151
TGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT 4

958161 958171 958181 958191 958201 9

TGATGATATTAATCCTATAATATTATCATTAGTATCT AATTTATAT
AATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TGATGATATTAATCCTATAAT TTATAT
AGTATCTATAGGTTTAGTACAATTTATAT
TGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
ATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
ARTATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGT CAATTTATAT
TGA ATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTT ATAT
TGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAA TAT
TGATGA TATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGT AGTACAATTTATAT
ATTAGTATCTATAGGTTTAGTACAATTTATAT
TGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTA TATAT
TCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTT
TAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TGATGATCTTAATCCTATAAT

TACAATTTATAT

CTATAGGTTTAGTACAATTTATAfv

Y e N T GV WG N T K K

¥ Y Q EEHYULVFULYULCTLWVG# Y # R T

ATTATCAGGAGGARCATTACCTTTTTTTATATCTGTGTTTGGTGTAATATTAARAGAACA

80 |958100 |958120 |958
TAATAGTCCTCCTTGTAATGGAAARAAATATAGACACARACCACATTATAATTTCTTGT:

Y S A R AN TR T T S T YRS R S T T Y.

08 V) A G L e A £ RS i e R oS 2R R

TGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT

958160 |9s8180 |958200
CACTACTATAATTAGGATATTATAATAGTAATCATAGATATCCAAATCATGTTAAATAT?

To answer the question mentioned just above, riglﬁ-click on the gene annotation of the mdrl

gene and then choose View — Amino Acids Of Selection: here you can see which amino acids
are normally coded for around amino acid position 86. Note also that AAT codes for Asn (N)
and TAT codes for Tyr (Y).

I&I

Now have a look at neighbouring position 958146. What could this be? Is it from IT
or DD2? To answer this question clone the window and display the reads of only one
or the other parasite strain in each window, just as we did earlier in this module.

add BAM GTATTTAGGTGATGATATTAL
958001 958111 958131 958151 958171 e CTATTTAGGTGATGATATTA
GGAGGAACATTACCTTTTTTTATATCTGTGITTGGTGT AAT ATTAAAGAACATGAATTTAGGTGATGATATTAATCCTATAATATTATCATTA  BAM files » Group BAMs ...
ARG TT AT T TT AT ATCT OT CTTTGCT T AATATT AAAGRACATGT ATTT ACGTGATG TATCATTA  Anal ’
E natLyse
cATGTATITAGGTGATGATATTAATCGATAATA%ﬁ$EﬁF§ i : e BNA'IT'S*h G
M [T
GTGTAATATTARAGAACATGT ATTTAGGTGAT AT ATT AATCCT AT AST ATT ATCATT A Vlewfm - M DD2. Chrd. bam
GGAGGAACATTACCTTTTTTTATATCTGTGTT TAATATTASAGAACAT GTATTTAGGT GATGATATTASTCCTATAATATTATCATTAGTATCTATAGGTTT.
,GGAGGAACA'ITACCTT'TTITFATATCTGTGTITGGTGTAATATTAAAGAACATGTATTTAGGTG ATA. ATATTATCA‘ITAGTATCTATAGGTTT.
TTTTTTATATCTGTGTTTGGTGT AAT ATTARAGAACATGT ATTTAGGTGATGAT ATT ASTCCTATAATATTATCAT TAGGTTT.
ATCA'I'I‘AGTATCTATAGGTI‘I’.
GGAGGAL TAATATTATCATTAGTATCTATAGGTTT.
GGAGGAACATTACCTT TGGTGTAATATTAAAGAACATGTATTTAGGT GATGAT ATTAATCCTATAATATTATCATTAGTATCTATAGGTTT.
GGAGGAACATTACC ATATCTG ATTATCATTAGTAGCTATAGGTTT. This BAM
TACC ATATCTGGGTTTGGTGT AAT ATTAAAGAACATGT ATTTAGGTGATGAT ATTAATCCTATAATATT 1S
GGAGGAACATTACE ATATCTGTGITTGGTGTAATATTARAGAACAT .
GGAGGAACA ATATCTGTGITTGGT G AAT ATTAAAGAACATGTATTTAGGT GATGATATTAATCCTATAATATTATCA TCTATAGGTTT. window shows
GGAGGAACATTACC ATATCTGTGTTTGGTGTAAT ATTAAAGAACATGT ATTTAGGTGATGATATT AAT
GGAGGAACATTACC ATATCTGTG'I'ITGGTGTAATA‘!'I'AAAGAACATG
958051 958111 958131 958151 958171 958161 the IT reads
.GGAGGMCATTACC‘I‘ITI'ITTATATCTGTGT‘ITGGTGTMT,&WMAGMC : AGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTT
ATCTGTGTTTGGTGTAATATTAAAGAACA AGGTGATGATATTAATCCTATAATATTATCATTAGTATCT
CTATASTATTATCATTAGTATCTATAGGTTT
CATTACCTTTTTTTATATCTGTGITTGGTGTAATATTAAAGAACA [ AGGTGATGATATTAATCCTATAAT Is th
GGAGGARCATTACCTTTTTTTATATCTGIGIT S tnere
GGAGGAACATTACCTTTTTTTATATCTGTGTTTGGTGTAATA AGTATCTATAGCTTT
cA AGGTGATGATATI'AATCCTATAATATTATCATTAGTATCTATAGGTTT another SNP
TATTAATCCTATAATATTATCATTAGTATCTATAGGTTT
AATATTATCATTAGTATCTATAGGTTT .
GGAGGAACATTACCTT GTGTASTATTAAAGAACS AGGTGATGATA‘I'I'AATCCTATAATA‘I'I'ATCA‘I'I’AGTATCTATAGG’]‘I‘I’ in Dd2?
GGAGGAACATTACCTTTTTTTATATCTGTGTTTGGTGTAATATT AAAGAACA AGGTGA TTATCATTAGTATCTATAGGTTT

GGAGGAACATTACC ATATCTGTGTTTGGTGTAATATT AAAGAACA

TTGGTGTAATATTAAAGAACA
ATATTAAAGAACA
GOTGTAATATTAAAGAACH

AGGT! GATGATATTAATCCTATAATATT ATCATT.

TTAGTATCTATAGGTTT
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Now also open the BCF file for the Dd2 clone to the window by right-clicking on the
VCF/BCF pane of the window, choosing Add VCF..., and selecting file “DD2.Chr5.bcf”.

TTTGGTGTAATATTAAAGAA GGTGATGAT ATTAATCCTATART ATTATCATTAGTATCTATAGGIT
TCAGGAGGAACATT ACCTTTTTTTATATCTGTGTTTGGTGT AATATT TAATATTATCATTAGTATCTATAGGTTTAG

BWA.DD2. ChrS, ban| |
BWA.IT. ChrS. ban |

g

IS RSN E R LY S S CEN E IR K E S HE ES AR Ay Ry NS NI L SIS N LS RN SS

QEENENHEY I EN ER EE NG RSN e s R A e T S M T ST L S H e S R s

TCAGGAGGAACATTACC ATATCTGTGTTTGGTGTAATATTAAAGAACATGAATTTAGGTGATGATATT AATCCTATAATATTATCATTAGTATCTATAGGTTTAG

|gse100 less120 loss140 lose160 |gss180 |
AGTCCTCCTTGTANTGGARAARAAT ATAGACACAARCCACATT ATARTTTCTTGT ACTT ARATCCACT ACT AT ANTT AGGAT ATT AT ANTAGT ANTCAT AGAT ATCCARATC,

Note that the malaria parasite is a haploid organism. Yet the position above like many other
in the genome have apparently more than one allele. What might be the explanation for this?

If you like, explore the genome a bit further, maybe you find some other surprising SNP calls
and interesting genome variants!

/Here 1s another example\

of apparently
“heterozygous” SNPs in
this haploid organism.
Note also that the read
coverage 1n this region is
also unusually high.

A region like this would
be best resolved by de |
novo sequence

\assembly. /

Extra exercise for those who are interested in drug resistance in P. falciparum: Can you
find the pfcrt mutation associated with chloroquine resistance? It is on chromosome 7 at
amino acid position 76 of the gene (K76T) — see e.g. Djimde et al (2001) [PMID:
11172152]. For this exercise you can start Artemis from the command line like this:

art -Dbam=DD2.Chr7.bam,DD2.Chr7.bcf Pf3D7_07.embl

[1262100 |1262400 [1262700 |1263000 [1263300 |1263600

. YaYe) I\ Artemis Entry Edit: Pf3D7_07.embl
File Entries Select Wiew Goto Edit Create Run Graph Display

Entry: [v]Pf3D7_07.embl
One selected base on forward strand: 404931

Note that AAA codes
for Lys (K) while ACA
! g1 \ codes for Thr (T).

CRT
l403200 403500 la03200 l404100 la04400 l404700 405000 4 1

[
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Extra exercises for bash scripting
Trouble-shooting — error checking
Try running the map lanes. shscript with the following command line arguments:

./map lanes.sh IT.Chr5 1l.fastg.gz IT.Chr5 2.fastqg.gz
Pf3D7.fasta IT.Chrb5

Did the script run successfully? If not, why not?

Often, the difference between a good script and a poor script is assessed in terms of the
robustness of the script. That is, the ability of the script to handle situations in which
something goes wrong. In this case, does the map lanes. shscript handle the
situation where a file supplied by the user does not exist?

In this example we will look at improving the robustness of the map lanes. shscript
by adding some argument and error checking to the script. Using your preferred text
editor open the file map lanes validate inputs.sh You should see the shell
script shown on the next page.

Note that apart from error checking, this script also only performs the mapping, it does
not generate the bcf files, and it does not clean up after itself!

This script performs some checks on the values passed to it from the command line and
then performs a set of standard mapping tasks:

Lines 1-7 tell the computer which program to use to execute this file and reads in the
values passed to the script from the command line.

Lines 10-13 checks that the correct number of command line arguments have been
passed to the script. The lines say if the number of command line arguments passed to
the script is NOT EQUAL TO 4, print a message to the screen telling the user what the
correct usage is and exit the script.

Lines 16-19 checks that all the files passed to the script exist. The lines say if the first
fastq file does not exist OR the second fastq file does not exist OR the reference file
does not exist, print an error message to the screen and exit the script.

Lines 22-30 perform a set of standard mapping tasks.

Please note:

$# is the number of command line arguments
!=means NOT EQUAL TO

$0 is the name of the script

! is the NOT operator

-f checks if a file exists

| | means OR
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1 #!/bin/bash

2

3 #read in values from command line

4 fastqgl=$1

5 fastg2=$2

6 ref=$3

7 output=$4

8

9 #check the correct number of parameters have been passed to the
script

10 if [ $# != 4 ]1; then

11 echo "Usage: "basename $0° fastqgl fastg2 reference file
output prefix"

12 exit

13 fi

14

15 #check the fastg and reference files passed to the script exist

16 if [ ! -f S$fastgl ] || [ ! -f S$fastg2 ] || [ ! —-f $Sref ]; then

17 echo "Error: One of the input files does not exist"

18 exit

19 fi

20

21 #index the reference file

22 bwa index S$ref

23

24 #map the sequence data

25 bwa mem S$ref S$fastgl S$Sfastg2 > Soutput.sam

26

27 #create read quality filtered sorted and indexed bam file

28 samtools view -g 15 -b -S Soutput.sam > Soutput.tmp.bam

29 samtools sort S$output.tmp.bam Soutput

30 samtools index S$output.bam

If you want to you could modify the script to check to see if the output file already exists. If it does
exist, print a warning message and exit from the script.
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ﬂ)ecision Statements \

Sometimes you will want to perform different tasks depending on whether a condition is true
or false. In bash this can be achieved with the keyword, i f. The 1 f statement consists of a
condition that is evaluated, and a block of code that is run if the condition evaluates to true.

if [ CONDITION ]; then
# instructions to follow i1f condition is true

\Z /

Loops

In bioinformatics we often have to perform the same action/analysis multiple times. For
example, its quite common to multiplex a 96 well plate of samples into a single [llumina lane,
so to analyze your data you’ll need to run the same commands on all 96 sets of sequencing
data. Rather than

running a script over and over again, you can use a loop. It will keep running a set of
commands until a condition is met, for example, loop over all files in a directory and run the
commands on each file.

In bash this can be achieved with the keyword FOR. The FOR statement consists of a list and a
variable name, then a block of commands to run. In the example below, the 1s command is
run to get a list of files in the current directory. Each file is then taken in turn and is assigned to
the variable i. The block of code is then run, and $i contains the name of the file. Here we just
print out the filename, but you can use any command.

FOR 1 in $( 1ls ); DO
echo $i
DONE

-~

End of module...

ANY QUESTIONS?
Please feel free to ask at any time!

K Please close down Artemis, ready to start the next module. /
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