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University of Cape Town, South Africa
Instructors and Assistants

Adam James Reid WGC Sanger Institute

Adam James Reid received a BSc in Genetics from the !
University of Sheffield in 2002. He then completed a master’s
course in Bioinformatics at the University of York and spent two
years at AstraZeneca. He studied for his PhD in computational
biology with Professor Christine Orengo at University College
London. His thesis concerned protein domain classification,
remote homology detection, functional prediction and protein
complex evolution. Adam then moved to the Wellcome Sanger
Institute where he is now a senior staff scientist working on
host-parasite interactions in malaria and nematode worms. He
is particularly interested in using genomics and transcriptomics
to understand the function of parasite gene families.

Christine J. Boinett Wellcome Trust Major Overseas Programme,
Oxford University Clinical Research Unit

| began my academic career in Imperial College London attaining
a BSc in Biochemistry in 2007, and subsequently completed my
Msc at the London School of Hygiene and Tropical Medicine in
2008. Later that year | began my PhD at the Animal Health and
Veterinary Laboratories Agency (Surrey, UK), registered at Royal
Holloway University of London (Surrey, UK), where | studied how
resistance to antibiotics in E. coli was acquired and transferred in
cattle in the UK. | attained my PhD in 2012, and in the same year
began my Post-Doctoral Fellowship at the Wellcome Trust
Sanger Institute in the Pathogen genomics group with Prof.
Julian Parkhill. My researched focussed on understanding how
resistance to antibiotics emerges in bacterial pathogens using a high throughput mutagene3|s
approach to inactivate genes in the bacterial genome known as Transposon Directed Insertion site
Sequencing (TraDIS). | moved to Vietnam in April of 2016 to work with Prof. Stephen Baker in the
Enterics division. | use next generation sequencing techniques to understand the genetic
mechanisms of antimicrobial resistance acquisition and transfer in Gram negative pathogens.

Gerrit Botha University of Cape Town. South Africa

Gerrit Botha is a Bioinformatics engineer at the Compuational
Biology division of the University of Cape Town. His background
is electronic engineering but gained experience in bioinformatics
whilst working as a software developer at the division. His area of
expertise is in human variant analysis, microbial analysis and
bioinformatics compute environment and pipeline design.
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Instructors and Assistants

Kamohelo Direko UWC (SANBI), South Africa

Mmakamohelo (Kamo) Direko is a PhD student at the UWC
(SANBI). She completed an MSc in Bioinformatics, describing
the genome of M. oryx. The project lead to SANBI's ongoing
support and training in NGS data pipeline design. Kamo
registered towards a PhD as part of a collaborative project,
COMBAT-TB. Her project included prediction of sRNAs, their
target mMRNAs within drugresistant M.tb isolates. COMBAT-TB
demonstrates; whole genome sequencing can be used to
decipher tuberculosis epidemic in high tuberculosis prevalence
settings. The project also characterizes M.tb isolates based on
SNPs, RDs and sRNAs. Combat-TB trains in microbial pipelines
through Galaxy platform.

Stephen Doyle WGC Sanger Institute

My research is focused on understanding the evolution of drug
resistance in human and veterinary helminths. After completing a
PhD in Genetics at La Trobe University (Melbourne, Australia), |
worked on Onchocerca volvulus, the human filarial pathogen
responsible for the disease river blindness. This work involved
population genomic and genome-wide scans for loci associated
with ivermectin susceptibility in parasites from Ghana and
Cameroon. Since joining the Parasite Genomics group at Sanger
in 2015 as a Postdoctoral Fellow, | have switched focus to
Haemonchus contortus and Teladorsagia circumcincta, two
important pathogens of sheep and other ruminants. My work
involves the assembly and annotation of the genomes of these
species, as well as comparative and population genomic analyses to characterise genome-wide
variation associated with drug resistance.

Daryl Domman WGC Sanger Institute

As a Postdoctoral Fellow at the Wellcome Sanger Institute, |
have focused my efforts towards understanding global infectious
disease. | have a keen interest in understanding diarrheal
disease, which affects a tremendous number of individuals, but
primarily children, worldwide. My work focuses around using
large scale genomic data to address the global spread of
cholera. Due to the visibility of cholera epidemics, we are using
cholera as a model for understanding more large-scale patterns
of diarrheal diseases. More broadly, my background is in
microbial ecology. | have experience with metagenomics which
allows for the genomic characterization of entire microbial
communities.
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Felix Dube: University of Cape Town

| am a research scientist and lecturer at the Department of
Molecular and Cell Biology, University of Cape Town with a PhD
in Medical Microbiology. My research focuses on the
characterisation of the respiratory microbiome with an immediate
interest into the population biology of Streptococcus
pneumoniae. Using high-throughput whole genome sequencing

technology we are able to provide further insights into the S. ¢
pneumoniae pathobiome, including changes in S. pneumoniae ‘%

sero-epidemiology, pathogenesis, and transmission dynamics.

We apply phylogenetic, statistical and computational approaches & J v
to unravel genotype-phenotype associations. /] S |

Benjamin Kumwenda College of Medicine, Malawi

Benjamin Kumwenda is Malawian. He obtained his BSc degree in
Computer Sciences from University of Malawi, Chancellor College
in 2001 and an Honors degree in Computer Sciences from the
University of the Witwatersrand in Johannesburg, South Africa in
2006. He completed his MSc degree in Computer Sciences in
2008 at the University of the Witwatersrand in Johannesburg,
South Africa. In 2010, he enrolled for a PhD in Bioinformatics at
University of Pretoria, which he graduated in April 2014. He has
been a Postdoctoral Research Fellow at the Malawi-Liverpool
Wellcome Trust from 2014 to 2015 funded by the H3Africa 20\

Bioinformatics Network (H3BioNet) and in 2016 at the University :;/' ! “ 1

of Liverpool at the Institute of Integrative Biology under the MRC African Research Excellence
Fund (AREF). He is currently the Head of Biomedical Sciences Department and Bioinformatics
Research Theme leader at the University of Malawi, College of Medicine in Blantyre Malawi. His
research interests are pathogenesis of Salmonella and understanding drug resistance in human
pathogens
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Olawale Adelowo University of Ibadan, NIGERIA

Molecular characterization of antibiotic resistance in bacteria from
human, animal and environmental sources is my area of interest. |
am particularly interested in using whole genome sequencing to
trace the epidemiological relationship between antibiotic resistant
bacteria from these three sources in Nigeria. | am also interested in
the ecology of mobile genetic elements (plasmids and integrons)
involved in dissemination of antibiotic resistance in human, animal
and environmental sources in Nigeria.

My current research interest includes the genomic insights into
multidrug resistance (MDR) pathogens. This involves the use of
whole genome sequencing (WGS) and bioinformatic analysis as
well as other complementary approaches to ascertain the microbial
structure, current burden, molecular epidemiology, resistance
mechanisms, novel mutations, gene expression levels, mobile
genetic support, virulence factors and evolutionary relationship of
MDR pathogens in KZN, South Africa. Hence this course will
introduce me to the current bioinformatic techniques and tools that
will help build my interest in pathogenomics.

Anne Amulele KEMRI Wellcome Trust Research Programme, KENYA

| am a PhD fellow with Open University and my current research
interest is antimicrobial resistance. My study aims to understand
the relative contributions of resistance mechanisms towards the
fitness and pathogenicity of Gram negative bacteria isolated in
Kenya, which will increase our understanding of the effect of
antibiotic selective pressure on resistance. | intend to use whole
genome sequencing to identify resistance and pathogenicity genes,
and to explore the molecular epidemiology of the strains isolated
as part of my project. This course will equip me with the necessary
skills to analyse bacterial genomes, a key component of my
research.
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Jonathan Asante University of KwaZulu Natal, SOUTH AFRICA

Prevalence and mechanisms of multidrug-resistance among
Klebsiella pneumoniae, Acinetobacter = baumannii  and
Pseudomonas aeruginosa clinical and environmental isolates
Antibiotic-resistant bacteria and resistance genes are increasingly
being detected in the clinical settings as well as in the environment.
The proposed study seeks to ascertain the prevalence and
mechanisms of multi-drug resistance in clinical and environmental
isoates of Klebsiella pneumoniae, Acinetobacter baumannii and
Pseudomonas aeruginosa. Whole genome sequencing will be
used to determine resistance determinants and relatedness of
isolates. This conference is expected to equip me with relevant
skills regarding working with the genomes of pathogens, including the anaIyS|s of genome
sequences, which would help facilitate the interpretation of my results.

Prince Asare Noguchi Memorial Institute for Medical Research,
GHANA

In Ghana, the transmission pattern of the different circulating
tuberculosis (TB) strains has not been critically assessed.
Molecular and genomic understanding (using comparative whole
genome sequence analysis) of the circulating strains is key for the
epidemiological tracking and control of TB disease. My current
research project aims to understand transmission dynamics and
identify risk factors for recent TB transmission in Ghana. The
content of this course is ideal and will broaden my understanding,
and provide adequate knowledge and skills needed to help analyze
the generated genomic data which inevitably will provide vital
information to aid the national tuberculosis control program.

Larson Boundenga CIRMF, GABON

Dr Larson Boundenga is a researcher at the International Center of
Medical Research of Franceville (CIRMF), where he works within
the Evolution and Inter-species Transmission of Pathogens group.
He received a Ph.D. degree in ecology and evolution of pathogens
from Cheikh Anta Diop University (Senegal) in 2015, and his
research relate to the characterization of diversity, ecology and
pathogens evolution of wild fauna, especially malaria parasites.
Actually, his research interests focuse in the determination and
analyzing of the full genomes of some parasitic lineages of wild
animals. Therefore, the WGCAC course is a relevant opportunity to
get knowledge of genomic analyses for his current and ongoing
works on "pathogens evolution".




Wellcome Genome Campus Advanced Course
Working with Pathogen Genomes
University of Cape Town, South Africa
17-22 June 2018
Participants

Melissa Chengalroyen MMRU, SOUTH AFRICA

The project | am involved in proposes to investigate the deletion of
a mismatch repair gene in M. tuberculosis, proposed to play an
imperative role in the maintenance of genomic stability in this
pathogen. This will be achieved by assessing the effect of its
disruption on genome mutations, which we hypothesize to be
enhanced. To gain a deeper understanding, whole genome
sequencing will be performed on select isolates and SNPs
identified to establish which genes and consequently pathways are
susceptible to mutations and infer whether augmented genomic
diversity could be an adaptive strategy in clinical isolates. This
course will allow us to perform the genome assembly, analyze the
raw sequencing data and identify SNPs in the resulting hypermutable strains and compare these to
clinical isolates.

Marine Chepkwony International Livestock Research Institute, KENYA

| am a PhD Graduate Fellow in Molecular Epidemiology
undertaking my research within the CTLGH program. | am
investigating the binding and entry of Theileria parva sporozoites
into bovine lymphocytes focusing on identifying which genes are
responsible for tolerant phenotypes observed in a specific cattle
lineage. This work will involve querying the function of several
lymphocyte and T.parva sporozoite surface proteins for their role in
the infectivity process. Both parasite and host cells will be
sequenced at different stages of infectivity and analyzed. This
workshop is the ideal opportunity for me to learn the ropes of
working with pathogen genomes.

Brigitta Derendinger Stellenbosch University, SOUTH AFRICA

Currently | am registered as a Masters student at Stellenbosch
University in the Division of Molecular Biology and Human Genetics
and am planning to upgrade to a PhD in 2019. My project involves
studying tuberculosis patients receiving bedaquiline (BDQ) and/or
delamanid (DLM) in their drug regimens and the emergence of
resistance to these relatively new anti tuberculosis drugs. | am
investigating the frequency of known and novel genetic variants
associated with different levels of phenotypic susceptibility to BDQ
and DLM. This “Working with Pathogen Genomes” course will be
valuable for my current research and postgraduate studies.
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Abla Djebbar University Hassiba Benbouali of Chlef, ALGERIA

| am currently a PhD student at the University of Algiers, working
on a project that focuses on the prevalance and molecular
characterisation of isolates of the nosocomial pathogen,
Clostridium difficile, in Algeria.

| am also a teaching asssistant of a bioinformatic practical course
for first and second year Masters students.

By attending this course, | will strength further my basic theoretical
and practical skills in computational biology; which are necessary
to conduct more efficiently my current and future research projects,
and to contribute to the efforts in building a much needed
bioinformatics capacity in Algeria.

Mohammed Ahmed Elnour National University Research Institute,
SUDAN

Prior to my current position at NURI, | worked for 10 years at the
Tropical Medicine Research Institute (TMRI), as a researcher for
different Neglected Tropical Diseases. My research focuses on
Molecular Parasitology and Bioinformatics mainly parasites/
pathogens and vectors of tropical diseases, population genetics, {
Parasites genomics, genetics competence of disease vectors to %4
arboviral diseases. Currently | am working in the Genome §g§ak
Sequence of Methicillin-Resistant Staphylococcus aureus Strain \ ‘
S0O-1977, Sudan. | am actively involved in comparative genomics, 1111
Proteomics and functional genomics. | believe that the course will be very useful because it will
provide me with genomic analysis software (s), handling and processing of genomic DNA
sequences, genome assembly...etc.

Temitope Ekundayo University of Fort Hare, SOUTH AFRICA

| am Ekundayo Temitope Cyrus, a doctoral student of the University
of Fort Hare. My ongoing research deals with Prevalence and
Virulence Profiling of Plesiomonas shigelloides in selected
freshwater resources in the Eastern Cape Province, South Africa.
P. shigelloides is an emerging waterborne pathogen. The study
aims at determining strain-specific molecular signatures of P.
shigelloides with intention to understand diagnostic labels ‘ .
necessary for differentiating pathogenic strains from non-pathogenic ones. In the future, the study
hopes to development diagnostic protocols to enhance its infection managements. WGCAC
Working with Pathogen Genomes is a promising platform to acquire more hand-ons skills.
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Emmanuel Eze University of KwaZulu-Natal, SOUTH AFRICA

New generation sequencing has proved to be a high thorough-put
technique for the study of genome-wide variation and differentially
expressed genes between bacteria species. RNA-seq has been
successfully used to compare the transcriptome and resistome
profiles of resistant bacterial species. Acinetobacter is an important
nosocomial pathogen exhibiting multidrug resistance and
persistence. In my current project, | intend to compare the genomes
and transcriptomes of Acinetobacter baumannii strains using WGS
and RNA-seq in order to identify differentially expressed genes
associated with the biofilm phenotype and their correlation with
antimicrobial resistance phenotypes.

Arash Iranzadeh University of Cape Town, SOUTH AFRICA

My current research is about a pan-genome wide association study
to identify genes associated with invasive Pneumococcus.
Streptococcus pneumoniae or Pneumococcus is a commensal
human pathogen that is harmlessly carried in upper respiratory tract
without causing any pathogenic symptoms. However, it sometimes
invades other internal organs such as lung, nervous system and
blood and cause dangerous diseases. Therefore, this bacterium
can exist in two forms: invasive and non-invasive. The hypothesis
is that there should be some genetic differences between invasive
isolates and non-invasive isolates. The main goal of my project is
to find these genetic differences specially genes responsible for the
pathogenic behaviour of the Pneumococcus.

Chacha Issarow University of Cape Town, SOUTH AFRICA

| am a Postdoctoral Research Fellow in Bioinformatics at the
University of Cape Town (UCT), South Africa. Currently, | am
working on Next Generation Sequencing project based on Whole
Genome Sequencing technology to determine mutations and
evolution of Mycobacterium tuberculosis (MTB) strains associated
with drug-resistant TB transmission.

| am interested in Next Generation Sequencing based on Whole
Genome Sequencing, Statistical Analysis, Infectious Diseases
Epidemiology, Big Data Analysis and Visualisation.
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Mary Kivata US Army Medical Research Directorate, KENYA

My current research is on molecular characterization of AMR genes
in Neisseria gonorrhoeae (GC) isolates from Kenya through whole
genome sequencing. Among my specific objectives is; to determine
the origin, evolution, spread and genetic relatedness of Kenyan
GC; to identify, characterize, and compare expressed AMR
determinants with known ones and determine molecular
mechanisms involved in AMR development in the Kenyan GC. This
course will equip me with knowledge on; Linux OS, genome
assembly, mapping lllumina read against a reference genome,
SNP calling and Genome-wide phylogenetic analysis, Genome
annotation and Artemis Comparison Tool which will enable me to
analyze my data.

Meriem Laamarti Mohamed V university, MOROCCO

In Morocco, Mycobacterium tuberculosis is a major public health
problem with a relatively high incidence. thus a better
understanding of TB profile could help to identify risk settings.

we aim to apply the WGS to analyze Mycobacterium tuberculosis
(MDR - Pre XDR) isolates obtained from different part of Morocco
to predict unexpected resistance associated mutations, study of the
dissemination, virulence and plasticity mechanism, and finally
identification of the subligneages circulating in Morocco from the
WGS data. Which fits perfectly the objective of the course that will
allow me to better analyze the genomes and get insight from
experts.

Tapfumanei Mashe National Microbiology Reference Laboratory,
ZIMBABWE

| am a young researcher who prides himself as an emerging
scientist and catalyst with untamed interest in antimicrobial
resistance, infectious diseases and molecular epidemiology, using
one health approach. | have done studies on antimicrobial
resistance of Salmonella species, Shigella species and Cholera
species in Zimbabwe. Currently | am working on a PhD entitled,
“‘Genomic characterisation of Salmonella enterica from
environmental, animal, food and human sources in Zimbabwe
using whole genome sequencing. | will sequence 600 Salmonella
enterica isolates and this course will be of great importance in
impacting technical skills for me to analyse the sequences.
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Haddijatou Mbye University of Ghana, GHANA

Haddijatou Mbye is one of the pioneer MRC Unit The Gambia at
LSHTM PhD fellows funded by the Wellcome Trust- DELTAS
(Developing Excellence in Leadership Training and Science)
project at the West African Centre for Cell Biology of Infectious
Pathogens (WACCBIP), University of Ghana. Her PhD research is
focused on mechanisms of antimalarial drug resistance in African
Plasmodium falciparum populations. As a part of her PhD, she is
involved in developing a new deployable phenotypic assay suitable
for drug sensitivity testing in remote resource poor settings. Her
goal is to continue to build a scientific career and contribute towards
the improvement of health and wellbeing in developing countries.

Estelle Mewamba Mezajou University of Dschang, CAMEROON

| am a PhD research student and my current research study is
focused on the epidemiology of drug resistance in African Animal
Trypanosomiasis in Cameroon. For this we shall be using
molecular, genomic and transcriptomic approches in order to map
trypanocidal resistance and to understand genetic and epigenetic
bases involved in the development of drug resistance. To achieve
this, comparative genomics and transcriptomics investigations
between trypanosomes isolates (resistant/sensitive  to
trypanocides) are needed. Therefore, this training will be an
opportunity for me to build my capacity in comparative genomics
and in transcriptome analysis that are necessary for my study.

| am a second year PhD student working at the Africa Health
Research Institute in Durban and UCL in London. | am investigating
the role of Mycobacterium tuberculosis genetic diversity within
individual patients and its role in the development of further drug
resistance and clinical outcomes. For this study | am enrolling a
cohort of patients with drug-resistant tuberculosis and whole
genome sequencing mycobacteria cultured from sputum samples.
| would like to learn how to identify, measure and compare within-
host bacterial diversity from next gen WGS data.
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Stefan Opperman NHLS, SOUTH AFRICA

This is a descriptive and molecular epidemiology study to
investigate a community-associated outbreak of wild-type (pan-
drug-susceptible) Pseudomonas aeruginosa in the Cape
Metropolitan area during a drought period. We explore a possible
link between an increase in wild-type P. aeruginosa infection and
the water infrastructure system, using ArcGis geographical
mapping software and environmental water sampling done by the
Department of Water and Sanitation. Whole genome sequencing is
implemented to compare stored isolates from blood cultures before,
during and after the outbreak period in an effort to identify hyper-
virulent strains and/or clonal variability in a time of water stress.

Eniyou Oriero Medical Research Council Unit, The Gambia

Infectious diseases like malaria still constitute a global health
challenge. Successful control and elimination of malaria in sub-
Saharan Africa would have a significant impact towards achieving
the sustainable development goals. To achieve my long-term
career goal of becoming an independent scientist capable of
delivering world-class research in Africa, | am currently carrying out
a postdoctoral project focussed on generating genomic data on
mixed plasmodium species infections. | am therefore interested in
exploring available training opportunities to develop and improve
my research and bioinformatics skills, in order to maximize my
creative and intellectual abilities to develop innovative and
competitive research proposals.

Benjamin Pokam Thumamo University of Buea, CAMEROON

My research interest has focused on the molecular epidemiology of
tuberculosis (TB) in Africa. Currently, my study on the genomic and
transcriptomic analysis of Mycobacterium africanum (MAF)
lineages compared to Mycobacterium tuberculosis (MTB) in
West/Central Africa aims to determine the genomic diversity and
the variation in the transcriptome expression between the two
members. The difference in gene expression and adaptation of
MAF lineages compared to MTB might help to understand the
pathogenicity/virulence processes of the different
lineages/sublineages of the MTB complex. This course thus offers
the opportunity to learn and acquire the skills necessary for data
analysis and interpretation.
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My project characterises the colistin resistance in Gram-negative
bacterial pathogens in the Western Cape of South Africa. The
plasmid-mediated colistin resistance mcr-1 gene was identified in
the majority of E. coli and K. pneumoniae isolates in our setting. In
addition, colistin resistant isolates that are mcr-1 negative suggests
novel resistance mechanisms. WGS of both colistin resistant and
susceptible isolates would form a major component of elucidating
resistance mechanisms, would allow us to compare strain lineages
among susceptible and resistant isolates, and to evaluate the
presence of virulence genes.
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Module 0O: Virtual Machine

Working with Pathogen Genomes

What is an Operating System?

e Software that supports the computer's basic functions
e Manages computer hardware (screen, mouse,

keyboard)

e Provides tools for managing files, running software

e Provides a way via software applications to interact with
the computer

Examples include: Operating System
e Windows

e OSX { [ <

e Linux

Hardware

What is a virtual machine?

A virtual machine (VM) is a software computer that, like a physical computer, runs an
operating system and a set of software applications. It allows you to run one operating
system (e.g. Linux) within another operating system (e.g. Windows).

The VM produced for this course already includes the data and software you'll need for the
exercises.

Why use a VM?

The virtual machines can be built once and then run in a range of different environments
without problems. This makes it a lot easier for you to reproduce what you’ve learnt on this
course after you've left as well as making it easier for us to jump straight into teaching you
new things without lots of setup.

A lot of bioinformatics software is built to run on Linux, some of this runs on OSX and a bit
runs on Windows. This is because many high performance clusters run variants of Linux.
We therefore want to teach in a similar environment.

Adding the virtual machine to Oracle VirtualBox

On this course we will be running a VM based on BioLinux which is based on a distribution
of Linux called Ubuntu. We periodically provide updates for the VM on our website but you
should use the supplied copy for now.




We will be running the VM on a Windows machine using the VirtualBox software. Other
software is available to run the VM but this is a good free alternative. The following
instructions walk you through how to setup the VM.

IMPORTANT NOTE: There are small differences between the images below, the
instructions and what you’ll see on the computer. If there’s any doubt, follow the
instructions in the text rather than the images.

Insert the USB stick into your machine. Our sticks will use USB 3 and run faster if you plug
the stick into a blue port. Then open Oracle VirtualBox on your machine and select
‘New’. On these machines you'll find VirtualBox under the Windows Start Menu.

[ ] Oracle VM VirtualBox Manager
I
New  Settings card  Start
Name and operating system
The list is
Please choose a descriptive name for the new virtual machine
and select the type of operating system you intend to install on “/
it. The name you choose will be used throughout VirtualBox to
identify this machine. D ‘
Name:
Type: = Microsoft Windows SJF|
‘/
Version: = Windows 7 (64-bit)
Expert Mode Go Back Continue Cancel

Enter a name for your VM, ‘Vietnam_2017’. Select ‘Linux’ as the type of operating system
that will run on your VM. Select the version as ‘Ubuntu (64bit)’ and click Continue.

[ J Oracle VM VirtualBox Manager

New Settings  Discard  Start
Name and operating system
The list is
Please choose a descriptive name for the new virtual machine -
and select the type of operating system you intend to install on #/

it. The name you choose will be used throughout VirtualBox to

identify this machine. c

Name: Vietnam_2017| a
Type: | Linux B EJ
Version: Ubuntu (64-bit)
Expert Mode Go Back Continue Cancel




Select the amount of memory (RAM) to allocate to this VM, the values available to you will
depend on the amount of memory (RAM) available on the host machine. On both our
machines and your machine at home move the slider to the top of the green section.

Oracle VM VirtualBox Manager
” .

Memory size

The list is

Select the amount of memory (RAM) in megabytes to be .
allocated to the virtual machine.

12072

The recommended memory size is 1024 MB. P _‘v&
{ S M8 ?

4MB 16384 MB

Go Back m Cancel

As we have already created the virtual hard disk for you, select ‘Use an existing virtual
hard disk file’ and click on the folder with a green arrow on the right hand side.

[ ] Oracle VM VirtualBox Manager
% o9 .
ettings Discard tart,

Hard disk
The list is

If you wish you can add a virtual hard disk to the new machine. —,
You can either create a new hard disk file or select one from the
list or from another location using the folder icon.

step and make the changes to the machine settings once the
machine is created.

ﬁ&
If you need a more complex storage set-up you can skip this > 5
E :
F

The recommended size of the hard disk is 8.00 GB.

") Do not add a virtual hard disk
(") Create a virtual hard disk now
© Use an existing virtual hard disk file

Empty B 2]

Go Back Create Cancel




Navigate to the USB drive and select the file ‘Vietnam_2017.vdi’ and click ‘Create’.

Oracle VM VirtualBox Manager
d [ferz
~

Hard disk

The list is

If you wish you can add a virtual hard disk to the new machine. —
You can either create a new hard disk file or select one from the 3
list or from another location using the folder icon.

step and make the changes to the machine settings once the
machine is created.

‘VS
If you need a more complex storage set-up you can skip this D E
|g)
-

The recommended size of the hard disk is 8.00 GB.

") Do not add a virtual hard disk
| Create a virtual hard disk now
© Use an existing virtual hard disk file

Vietnam_2017.vdi (Normal, 410.65 GB) B 3

Go Back E Cancel

You should then see the screen below containing your VM ‘Vietnam_2017’ in the
Powered Off state.

Oracle VM VirtualBox Manager

i}.ﬁi}‘ o = CE -

New  Settings D Start

Vietnam_2017 = General =l preview
@Eeion Name: Vietnam_2017
Operating System: Ubuntu (64-bit)
[x] system
Base Memory: 12072 MB Vletnam_2017
Boot Order: Floppy, Optical, Hard
Disk
Acceleration:  VT-x/AMD-V, Nested
Paging, KVM
Paravirtualization
Display
Video Memory: 16 MB
Remote Desktop Server: Disabled
Video Capture: Disabled
@] storage

Controller: IDE
IDE Secondary Master: [Optical Drive] Empty
Controller: SATA
SATA Port 0: Vietnam_2017.vdi (Normal, 410.65 GB)

{5 Audio

Host Driver: CoreAudio
Controller:  ICH AC97




Update Settings

Left click on ‘Vietnam_2017’, then click on Settings at the top of the window. Click General
>> Advanced and then change “Shared Clipboard” to Bidirectional. This will make it possible
to copy and paste things from the Windows “host” into and out of the Linux “guest”.

Oracle VM VirtualBox Manager

“is mEares @ O -

. Viey General  System  Display  Storage  Audio  Network  Ports  Shared Folders  User Interface

Basic Description Encryption

Snapshot Folder: | /Users/maa/VirtualBox VMs/Vietnam_2017/Snapshots| B

Shared Clipboard: = Bidirectional B

Drag'n'Drop: = Disabled
s | T B
Controller: SATA
SATA Port 0: Vietnam_2017.vdi (Normal, 410.65 GB)
(B Audio

Host Driver: CoreAudio
Controller:  ICH AC97

Now click System >> Processor and slide the slider to the top of the green section (i.e. use
half the CPUs).

Oracle VM VirtualBox Manager
{:} o Vietnam_2017 - System

Newnm@l!l@i@@ =

rf Vlel General System Display Storage Audio Network Ports Shared Folders User Interface

Motherboard Acceleration

Processor(s): V- 2
1CPU 4 CPUs

<>

Execution Cap: . 100% 2
1% 100%
Extended Features: Enable PAE/NX L

cancel | (N |

” Controller:  ICH AC97




Click Display >> Screen and change Video Memory to the maximum amount.

Oracle VM VirtualBox Manager

o ® ® Vietnam_2017 - Display L
Pis mmer s @ MO

Viet General  System  Display Storage Audio  Network Ports  Shared Folders  User Interface
7 @
@ Remote Display  Video Capture

_

Video Memory: | 128MB L
oMB 128 MB
Monitor Count: y 1 ”
1 8
Scale Factor: } 100% z
100% 200% f

HiDPI Support: Use Unscaled HiDPI Output
Acceleration: Enable 3D Acceleration

Enable 2D Video Acceleration

Cancel m

Click OK to save these changes. You should now be able to start the VM: click on
Vietnam_2017 and then press the Start button.

[ NN ] Oracle VM VirtualBox Manager
@ @ @, o]
New Settings Dist Start

g’r Vietnam_2017 Sl General =l preview
,‘ @ Powered Off

Name: Vietnam_2017

Operating System: Ubuntu (64-bit)
[ system
Base Memory: 12072 MB Vletnam_2017
Processors: 2
Boot Order: Floppy, Optical, Hard
Disk

Acceleration:  VT-x/AMD-V, Nested
Paging, KVM
Paravirtualization

Display

Video Memory: 128 MB
Remote Desktop Server: Disabled
Video Capture: Disabled
Storage

Controller: IDE
IDE Secondary Master: [Optical Drive] Empty
Controller: SATA
SATA Port 0: Vietnam_2017.vdi (Normal, 410.65 GB)

7 Audio

Host Driver: CoreAudio
Controller:  ICH AC97




It should then look a little like this:

00 Vietnam_2017 [Running]
Bio-Linux Desktop, powered by Ubuntu 1 m = @) 09:40 3%

Bio-Linux
Documentation

o

Sample Data

Artemis
soure

README.EXC

B
)
&
B
A
-

QO @0 R) Leitse

You can make the VM use the entire screen by pressing the right hand ‘Ctrl’ key and ‘' at
the same time. This should work on Windows and (probably) Linux hosts; on OSX you
should press the right ‘Cmd’ key (the funny box with circles on the corners) and the ‘f key.
You can escape by using the same key combination.

Username and password

If you need them, the username is “manager” and the password is also “manager”.

Using the VM at home

You get to keep the USB stick after the course and can use it to continue working on the
exercises.

e On Mac OSX you will probably need to copy the virtual machine onto your hard disk.
Copy Vietnam_2017.vdi from the USB stick onto your hard drive and then follow
these instructions again. Note, when selecting the “existing hard disk” in one of the
steps, you need to point it at the copy on your hard disk.

e On Linux, you may or may not be able to run the VM from the USB stick.

e On Windows, you should be able to run the VM from the USB stick by following these
instructions. You may see a slight performance benefit from moving it onto your hard
disk though.



Removing the virtual machine from VirtualBox

DO NOT DO THIS UNTIL THE END OF THE COURSE OR UNLESS TOLD OTHERWISE

In the main VirtualBox window, right click on your virtual machine (seen in the left hand
column). Select ‘Remove’ from the menu.

Oracle VM VirtualBox Manager

W @ . -

New Settings Start
Vietnam_2017 [ General [ Ppreview
P =
(1@ OWE  gSettings... #S Vietnam_2017
Clone... #$0 System: Ubuntu (64-bit)
Group #U
ry: 12072 MB
Start 3 2
Pause #BP Floppy, Optical, Hard
Heset ol \I:/)!I‘::’k AMD-V, d
| n: -X/ -V, Neste
i Paging, KVM

Then select ‘Remove only’, do not select the ‘Delete all files’ option as this will delete the
the vdi file that contains the virtual machine.

Oracle VM VirtualBox Manager

G w v o C -

New Settings Start

"‘?f Vietnam_2017 ~=  You are about to remove following virtual machines

"] @ Powered Off | °/ from the machine list: k
0 Vietnam_2017

Would you like to delete the files containing the
virtual machine from your hard disk as well? Doing nam_2017
this will also remove the files containing the
machine's virtual hard disks if they are not in use
by another machine.

Cancel Remove only Delete all files

Farave suans auune

Shared folders

This is an optional step which you can do at home. It is not needed as part of the
course.

By default, none of the files on the host machine are visible from inside the virtual machine;
this describes how to share data between the host and the virtual machine. This might be



useful if you want to rerun some analysis with your own data or you want to share your
results with a colleague.

First, shut down the virtual machine. In the main VirtualBox window, select your virtual
machine (on the left). Then go to Settings >> Shared Folders.

€23 NGS 2015 - Settings (2|
@ General Shared Folders
System Folders List
Display Name Path Auto-mount  Access | [

Machine Folders g

) storage =
Po Audio
@Y Network
£ serial Ports
& uss

[l Shared Folders

E User Interface

Invalid settings detected [ OK ][ Cancel ] [ Help ]

Click on the blue folder with a green plus on the right hand side. In the pop up box, select
“Other” from the Folder Path option.

= ~

{23 Add Share <=

Folder Path: <not selected> B
Fold . L<not selected >
older Name: P2 Other...
D Read-only

[ Displays a
[7] Auto-mount

Find the folder that you would like to share with the Virtual Machine. It should now be
visible in the Folder Path box. Tick the Automount box.



pr

{=3 Add Share

Folder Path: | H:i\shared_data v

Folder Name: shared_data
[] Read-only
Auto-mount

[ ok ]| cance |

Now click on OK. The new shared folder should be in the Folders List:

—

{23 NGS 2015 - Settings (-2 =3
@ General ‘ Shared Folders 7
System Folders List
Display Name Path Auto-mount Access E@
e 4 Machine Folders 3
Storage {shared_data H:\shared_data Yes Full =
o Audio
@ Network
@ Serial Ports
@ uss
ﬁ Shared Folders
Iﬁ User Interface

Invalid settings detected [ ok || cancel || Heb

Select OK and you will return to the main VirtualBox window. Now start the virtual

machine.

Finding the shared folder in the virtual machine

Inside the virtual machine, the shared folder will be inside the directory “/media”. It will have
the same name as on the folder on the host machine, but with “sf_” added. For example, if

the folder is called “shared_data” on the host, then it will be called “/media/sf_shared data/”
inside the virtual machine.




Module 1: Artemis

Module 1
Artemis

Introduction

Artemis is a DNA viewer and annotation tool, free to download and use, written by Kim
Rutherford from the Sanger Institute (Rutherford et al., 2000). The program allows the
user to view a range of files, from simple sequence files (e.g. fasta format) to
EMBL/Genbank entries, as well as the results of sequence analyses, in a highly interactive
and intuitive graphical format. Artemis is routinely used by the Infection Genomics group
for annotation and analysis of both prokaryotic and eukaryotic genomes, and can also be
used to visualise mapped data from next generation sequencing. Several types/sets of
information can be viewed simultaneously within different contexts. For example, Artemis
gives you the two views of the same genome region, so you can zoom in to inspect
detailed DNA sequence motifs, and also zoom out to view local gene architecture (e.g.
operons), or even an entire chromosome or genome, all within one screen. It is also
possible to perform analyses within Artemis and save the output for future reference.

Aims

The aim of this Module is for you to become familiar with the basic functions of Artemis
using a series of worked examples. These examples are designed to take you through the
most immediately useful functions. However, there will be time, and encouragement, for
you to explore other menus; features of Artemis that are not described in the exercises in
this manual, but which may be of particular interest to some users. Like all the Modules in
this workshop, please remember:

IF YOU DON’ T UNDERSTAND, PLEASE ASK!



Module 1: Artemis

Artemis Exercise 1

1. Starting up the Artemis software
Double click the Artemis icon on the desktop.

A small start-up window will appear (see below). The directory Module_1_Artemis contains all
files you will need for this module.

Now follow the sequence of numbers to load up the Salmonella Typhi chromosome sequence.
Ask a demonstrator for help if you have any problems.

Artemis

In the ‘ Options’
menu you can
switch between
prokaryotic and
\ eukaryotic mode.

DOMe

CEE

SR

You can also start
Artemis from the
terminal window by
| typing ‘art’.

¥ Click ‘File’
A Then ‘Open’

]| |

For simplicity it is a good
idea to open a new start up
window for each Artemis
session and close down
any sessions once you
have finished an exercise. J

™ Select afile... 3

Look In: IG Module_1_Artemis lv‘ E Single click
e e

ﬂange to “All Filesm
you want to display all
the files in the directory.

File Name: S_typhi.dna Use this feature to

|
Files of Iype: |Sequence files \-,K choboseCI theI: typde oftﬁle
to be displayed in this

Open ” Cancel ‘ pane|_
DNA sequence files will

4 | Single click to open file in Artemis then wait have th_e SUﬁi_X .dna’.
Annotation files end

with “.tab’ . You can
_2- @o open ‘.embl’ fily
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2. Loading an annotation file (entry) into Artemis
Hopefully you will now have an Artemis window like this! If not, ask a demonstrator for

assistance.

Artemis Entry Edit: S_typhi.dna

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]S_typhi.dna
nNothing selected

i L 1 TN AT TR TR
L e T e AV N AT | e o | 1 1
L T O 1 1 I T I A (I A Y M A O N W MR

»

|see [1600 |2400 3200 |ae00 |4800 |se00 |sa00 |7200

[ AR T
1 T 1 I T T
(AN |

FEE e e
R
Il

[ e A N I
[ | [ N
1 A

([ I
FAEnmn
I I

Zam|
RDYVWLOQET
EITSGCKRS

»] [~

v INL
S I #

I Y * LR
FIDLG

IT

GEID®*KS®#IYROQQHMNEKEFEFR RN K R A
# QG KLIENKYTIA ASST®*TSFGM K G (=]

. RLRLVARDHNRGN®*LIKTINTISPAAHEQ QVSETCDAO GQFIKNLLTG+AG
AGAGATTACGTCTGGTTGCAAGAGATCAT AACAGGGGAAATTGATTGAAAAT AAATATATCGCCAGCAGCACATGAACAAGTTTCGGAATGTGAT CAATTTAARAATTTATTGACTTAGGCGGGCH
|20 40 60 80 100 120

TCTCTAATGCAGACCAACGTTCTCTAGTATTGTCCCCTTTAACTAACTTTTATTTATATAGCGGTCGTCGTGTACTTGTTCAAAGCCTTACACTAGTTAAATTTTTAAATAACTGAATCCGCCCGT
. # T QNCSIMYPS TILKFTIG®QSLRA
SI ¥YVDPQLLDY CPFNTISFLYTIHA H Vv L K HDI®#FNTISKTPPCL]

'L[N RRTALS*LLPFQNFTIFTIODSGAACSCTETSHS®*NLTFIKNVYVS$APLY
o >

Now follow the numbers to load the annotation file for the Salmonella Typhi chromosome.

1

‘Read an Entry’

Click ‘File’ then

» Artemis Entry Edit: S_typhi.dna

File| Entries Select View Goto Edit Create Run Graph Display

»

Show File Manager ...
Read An Entry ...

Mhat’ s an

of DNA and/or
features which
can be overlaid

information
displayed in the

@nel.

“Entry”? It’ s a file

onto the sequence

main Artemis view

~

)

2

Single click
to select file
S _typhi.tab

4

3 | Single click to open file in Artemis then wait

.
>
Read Entry Into 3
Read BAM / VCF ... A1

Save Default Entry ctri-s || || | I

Save An Entry
11 T 1

Save An Entry As
Save All Entries

Write 3

v v

|3200 |a000 |as00

Clone This Window

Save As Image Files (png/svg)...
Print...

Print Preview
Open in DNAPlotter

Preferences

i

Select afile ...

Look In: |[j Module_1_Artemis

Close

I RN T
R
[HEm

|s600

MIEIEIEEES

|6400

o O B 10 R T A I R A

»

TR
N | [
FETrn

|7200

[ RV

RDY VWLQETI
EITSGCKR RS

. RLRL VY ARTPD

AGAGATTACGTCTGGTTGCAAGAGATC

|z0
TCTCTAATGCAGACCAACGTTCTCTA
.S #TQNCS
sI1voDPOQL LD
L NRRT A S ¥
y 4
/

<]

[y PF. tab
[ s_typhi.dna
[y s_typhi.tab

K
K

F
L F

KNLLT+ AG
\BAAATTTATTGACTTAGGCGGGCE

]
AAATAACTGAATCCGCCCGI
FI # QS LRA

I ¥ * L RR A
FIDLGG

] =T

l120

NIZSKPPTC
K NV & & P L

v |«]

File Name: I

I

Files of Type: ‘Artemis files

-]

pr 4

2l [ I

yrd

(click ‘no’ if an error window pops up)

_3-
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3. The basics of Artemis
Now you have an Artemis window open let’ s look at what’ s in there.

1 File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]S_typhi.dna [v]S_typhi.tab
2 Selected feature: bases 1287 amino acids 428 STYGEE04 (/class="3.1.18" /fcolour=7 /gene="STYGO04"/gene="thrC" /product="threonine synthase"
[ D L A
STY0001 32
T e A e A (TR VI I e e | T VA N T MR AT
STYQ003 STYDD04
I (1 1 1 1 {1 1 A O B (M s
STY00O7
173 O r 1 b D
3 misc_feature misc_featur misc_feature  misc_feature misc_feature tui
|so0 [1600 |za60 |3200 |ac0a |aso0 |ss00 |64 - [7200 [E000
misc_feature 6
1 A A | R 1 1 A A B Y A |
[ | Lo Lo 1 ¥ VW A
L 1T A [ | [ I | I | N
STY000S STY0D00S =

4Kl

RDY V¥vWLOQETITITG GETITD®*ZKS®TITYR Q QHMMNEKFRNUYTINLK
EITSGCKRS®#QGKLTIENIKYTIA ST *TSFGM®*S I # KTFTI
‘1 4 . RLRLVYARDHNMNRGN®*LIKTIMNTISFP A A HEQVYSECDG QFKNLLT 4+

»

* L RR ADTLT -~
G G

100
TCTCTAATGCAGACCAACGTTCTCTAGTATTGTCCCCTTTAACTAAC ATTTATATAGCGGTCGTCGTGTACTTGTTCAAAGCCTTACACTAGTTAA AAATAACTGAATCCGCCCGTCTATGAAATTGG

.S TQWNCSIMVYPSISQFYTIYRWCCMFLNREFTTILIKTFTI®S®IOQSLRASYVYKUVYI
N S I vVDPOQLLDYCPFNTISFLYTIA®ALLVYHYLEKPTIHDTI®FNTISKFPFPTCI
, LNRRTALS®*LLPFQNFTIFTIODGHAHSAECST CTETSHS®*WNLTFKHNWV#& K L W~>
4 »

CDS 190 255 Orthologue of E. coli thrL (LPT_ECOLI}; Fasta hit to LPT_ECOLI (21 aa}, 86% identity in 21 aa overlaj~

CDS 337 2799 Orthologue of E. coli thra (AKLH_ECOLI); Fasta hit to AKIH ECOLI (820 aa), 94% identity in 820 aa ov

misc_feature 343 369 PSG0324 Aspartokinase signature

misc_feature 2314 2382 PS01042 Homoserine dehydrogenase signature

CDS 2801 3730 Orthologue of E. coli thrB (KHSE_ECOLI); Fasta hit to KHSE_ECOLI (310 aa), 94% identity in 308 aa ove 8

mlsc feature 3068 3103 PSO0627 GHMP kinases putative ATP-binding domain

5 < S Orthologue of E. coli thrC (THRC ECOLI): Fasta hit to THRC ECOLI (428 aa), O3% identity in 428 aa ovg
misc_feature d022 4066 PS00165 Serine/threonine dehydratases pyridoxal-phosphate attachment site
CDS 5114 5887 ¢ Orthologue of E. coli yaad (YAAA ECOLI); Fasta hit to YAAA _ECOLI (258 aa), 86% identity in 257 aa owve
CDS 5966 7396 ¢ Similar to Bacillus subtilis amino acid carrier protein alst ALST SW:ALST_BACSU (Q45068; P40743) fas
misc_feature 7001 7138 ¢ PS0E873 Sodium:alanine symporter family signature
CDS 7665 8618 Fasta hit to TALA_ECOLI (316 aa), 65% identity in 311 aa overlap
misc_feature 7755 7781 PS01054 Transaldolase signature 1
misc_feature 8049 8102 PS00958 Transaldolase active site
DS 8729 9319 Orthologue of E. coli mog (MOG_ECOLI); Fasta hit to MOG_ECOLI (195 aa), 94% identity in 192 aa overl
N - misc feature 8933 8974 PSO1078 Molvbdenum cofactor binsvnthesis oroteins sianature 1 S

Drop-down menus: There are lots in there so don’t worry about all

the details right now.

Entry (top line): shows which entries are currently loaded with the

default entry highlighted in yellow (this is the entry into which newly

created features are created). Selected feature: the details of a

selected feature are shown here; in this case gene STY0004 (yellow

box surrounded by thick black line).

3. This is the main sequence view panel. The central 2 grey lines
represent the forward (top) and reverse (bottom) DNA strands. Above
and below those are the 3 forward and 3 reverse reading frames. Stop
codons are marked on the reading frames as black vertical bars.
Genes and other annotated features (eg. Pfam and Prosite matches)
are displayed as coloured boxes. We often refer to predicted genes as
coding sequences or CDSs.

4. This panel has a similar layout to the main panel but is zoomed in to
show nucleotides and amino acids. Double click on a CDS in the main
view to see the zoomed view of the start of that CDS. Note that both
this and the main panel can be scrolled left and right (7, below)
zoomed in and out (6, below).

5. Feature panel: This panel contains details of the various features,

listed in the order that they occur on the DNA. Any selected features

are highlighted. The list can be scrolled (8, below).

Sliders for zooming view panels.

Sliders for scrolling along the DNA.

Slider for scrolling feature list.

=

© N

_4-
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4. Getting around in Artemis

There are three main ways of getting to a particular DNA region in Artemis:

-the Goto drop-down menu
-the Navigator and

-the Feature Selector (which we will use in Part [V)
The best method depends on what you’ re trying to do. Knowing which one to use comes with

practice.
4.1 The ‘Goto menu

The functions on this menu (below the Navigator option) are shortcuts for getting to locations
within a selected feature or for jumping to the start or end of the DNA sequence. This is really

intuitive so give it a try!

) Artemis Entry Edit:

S_typhi.dna

File Entries Select View |Goto[\edit Create Run Graph Display
Entry: [v]S_typhi. V]S _t Navigator ... trl-G
Selected feat ¥ bases 128 Start of Selection Ctrl-Left 1.18" /colour=7 /gene="STY0004"/gene="thrC" /product="threon
End of Selection Ctrl-Right
Feature Start siast-conma (I IHE TEETHUIE Q0 000 UMD (O )
ooal 2 Feature End shift-Period
TR T 1 1 e A 1 BV 1
Start of Sequence tri-Up E
- 7 5 FEE 10T TN 1] End of Sequence Ctrl-Down T 1 I I B VN
Cllck GOtO Feature Base Position ... ‘ S-B(C’
misc_feature Feature A'"ln_o Acid ... _ _feature mi
|see |rs00 |2a00 |3200 |acee [EE:L) |s600 |sa00 |7200
nisc_feature
[ | A B 1 e N M L A B 1 I A R e R RN A |
I I [ | (T 1 1 T TV
I 1 1 e A I I [ K 1 101
STYO0OS STYO006 B}
<] >
.F{DYVWLQEIITGEID*K#IYROOHMNKFRNVINLKIY*LRR»‘«A
EITSGCKRS#QGKLIENKYIASST*TSFGM*SI#KFIDLGG%

. RLRL VY A&RUDH

.S # T QNCSTIM
S I VDPOQLLPDY

41l

AGAGATTACGTCTGGTTGCAAGAGATCATAACAGGGGAAATTGATTGAAAAT ARAT ATATCGCCAGCAGCACATGAACAAGTTTCGGAATGTGATCAATTT AAAAATTT ATTGACTT AGGCGGGCH
20 40 60 20 100 120

[TCTCTAATGCAGACCAACGTTCTCTAGTATTGTCCCCTTTAACTAAC ATTTATATAGCGGTCGTCGTGTACTTGTTCAAAGCCTTACACTAGTTAAL AAATAACTGAATCCGCCCGT

LNRRTALS* L
[u]

M RGMN*LKTIMNTISPAAHETG GQVYSETCDTI QFIKNLLT+AG

vVPSISQFYIYRWCCMFLNRFTTILIKTFTIG®QSLRA
LY I ALLVYHVYLKPTIMHDTI®FNTISKTPFPTC
LPFQNFTIFIDGHAACST CTETZSHS®*NLFIKNWY®$AFP

vl

CDS 180
CDS 337
nisc_feature 343
misc_feature 2314

CDS 5114
CDS 5966
misc_feature 7001
DS 7665
misc_feature 7755
misc_feature 8049

8729
nisc_feature 8933

255 Orthologue of E. coli thrL {LPT_ECOLI); Fasta hit to LPT_ECOLI (21 aa), 86% identity in =
2799 Orthologue of E. coli thra (AK1H_ECOLI); Fasta hit to AKIH ECOLI (820 aa), 94% identity E]
369 PS00324 Aspartokinase signature

2382 PS01042 Homoserine dehydrogenase signature

3730 Orthologue of E. coli thrB (KHSE_ECOLI); Fasta hit to KHSE_ECOLI (310 aa), 94% identity

PS00627 GHMP kinases putative ATP-binding domain

Orthologue of E. coli thrC (THRC ECOLI); Fasta hit to THRC ECOLI (428
PS00165 Serine/threonine dehydratases pyridoxal-phosphate attachment
Orthologue of E. coli yaad (YAAA_ECOLI); Fasta hit to YAAA ECOLI (258 aa), 86% identity
Similar to Bacillus subtilis amino acid carrier protein alst ALST SW:ALST_BACSU (Q45068;
PS00873 Sodium:alanine symporter family signature

Fasta hit to TALA_ECOLI (316 aa), 65% identity in 311 aa overlap
PS01054 Transaldolase signature 1

alo2 PS00958 Transaldolase active site

9319 Orthologue of E. coli mog (MOG_ECOLI); Fasta hit to MOG_ECOLI (195 aa), 94% identity in

8974 PS01078 Molybdenum cofactor biosynthesis proteins signature 1 =
PO DU &7 S . SOPSET FETeR AL

]

D

It may seem that ‘Goto’ ‘Start of Selection’ and ‘Goto’ ‘Feature Start’ do the

same thing. Well they do if you have a feature selected but ‘Goto’

‘Start of

Selection” will also work for a region which you have selected by click-dragging in the

main window.
So yes, give it a try!

@Jggested tasks:

region.

hwn

choice.

1. Zoom out, select / highlight a large region of sequence by clicking the left hand
button and dragging the cursor then go to the start and end of this selected

Select a CDS then go to the start and end.
Go to the start and end of the genome sequence.
Select a CDS. Within it, go to a base (nucleotide) and/or amino acid of your

Highlight a region then, from the right click menu, select ‘Zoom to Selection’/

_5-
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4.2 Navigator
The Navigator panel is fairly intuitive so open it up and give it a try.
- Entry Edit: S_typhi.dna
Clle ‘Goto, ct View |Goto| Edit Create Run Graph Display
. —— igator ... ctrl-G
thel’l NaVIgatOI' bases 128 Start of Selection Ctrl-Left .18" /colour=7 /gene="STYBBG4"/gene="thrC" /product="threon
End of Selection Ctrl-Right
MO | Feature Start nitt-conna (N IEIE TP TEIUER TOE 0 000 WOERIEEE 10T W=
STB001 2 Feature End shift-Period
01 O T ’ s 2 1 B 1
Start of Sequence Ctrl-Up
FET 10T TRWTTN N 10 End of Sequence Ctrl-Down T 1 T N B O [ M o
‘ D ‘ Feature Base Position ... SB(C;
misc_feature Feature Amino Acid ... _feature mi
| |so [1600 |z400 |z200 |a000 [EEED) |s600 |s400 - |7200
misc_feature
(I | e e M N T A I (W e I 1 e A AR A
(I | o Lt 11 e I T M MV AIR
T 11 Y 1l | LT g I
STYD00S STYO006 =
@ ® @ Artemis Navigikor >

Check that the |t &t r oy e mn | T L

: ¥ 4 RDHMNRGHN - [ b LLT+ a6
Goto Fi With Gene Name:
appropriate search S“I'I‘GCAAGAGATCATAACAGGGGAA[‘I oto Feature WLth Gene Nane ‘ lTI'I’A'I'I‘GAC"I'I’AGECGGGC
. 20 40 ) § o . . 120
button is on R ~ *°° feeture With This Qualifier Value: “ABATAACTGAATCCGCCC
jr NQ CL SL ID MY VC PP SF II.\ Goto Feature With This Key: %'N #I QS SK LP RP AC
* A
[‘I‘_MN R RT AL S LE R =) i) B G | K NV & A P L’
| DS 190 255  Ort O Find Amino Acid String: ), 6% identity in ||
CcDS 337 2799 ort 0 aa), 94% identity |5
'ﬁzi—:zziﬂ:s 23;‘3 2333 ggg Start search at: @ beginning (or end) O selection
s 2801 3730 ort 0 aa), 94% identity
misc feature 3068 3103 Psg
misc_feature 4022 4066  Pso /] 2 “site
DS 5114 5887 ¢ Ort 8 aa), 86% identity
CcDS 5966 7396 ¢ Sim []Search Backward [v]Ignore Case [v]Allow Substring Matches I: ALST_BACSU {Q45068;
misc_feature 7091 7138 ¢ PSC
cos ~ 7665 8618  Fas Goto ‘ l Clear ‘ l Close ‘
misc_feature 7755 7781 PS@ -
misc_feature 8049 8102 PSOE958 Transaldolase active site
CDS 8729 9319 Orthologue of E. coli mog {MOG _ECOLI); Fasta hit to MOG_ECOLI (195 aa), 94% identity in
misc_feature 8933 8974 PS01078 Molybdenum cofactor biosynthesis proteins signature 1 =
i o ‘ prestss A .iA.A.K.l;.u._d_L.‘JA_.Nu_L\LuUAN,L\_&.A,_Lw,wﬂAu_ljm),q_moy,,_“."7

Suggestions about where to go:

1. Think of a number between 1 and 4809037 and go to that base (notice
how the cursors on the horizontal sliders move with you).

2. Your favourite gene name (it may not be there so you could try ‘fts’).

3 Use ‘Goto Feature With This Qualifier value’ to search the contents
of all qualifiers for a particular term. For example using the word
‘pseudogene’ will take you to the next feature with the word
‘pseudogene’ in any of its qualifiers. Note how repeated clicking of the
‘Goto’ button takes you to the following pseudogene in the order that
they occur on the chromosome.

4. Look at Appendix VIII which is a functional classification scheme used

for the annotation of S. Typhi. Each CDS has a class qualifier best

describing its function. Use the ‘Goto Feature With This Qualifier
value’ search to look for CDSs belonging to a class of interest by
searching with the appropriate class values.

tRNA genes. Type ‘tRNA’ in the ‘Goto Feature With This Key’ .

Regulator-binding DNA consensus sequence (real or made up!). Note

that degenerate base values can be used (Appendix Xa).

7. Amino acid consensus sequences (real or made up!). You can use ‘X’s.
Note that it searches all six reading frames regardless of whether the
amino acids are encoded or not.

o O

[What are Keys and Qualifiers? See Appendix IV ]
-6-
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Clearly there are many more features of Artemis which we will not have time to
explain in detail. Before getting on with this next section it might be worth browsing
the menus. Hopefully you will find most of them easy to understand.

Artemis Exercise 2

/This part of the exercise uses the files and data you already have loaded into Artemis\
from Part I. By a method of your choice go to the region from bases 2188349 to 2199512
on the DNA sequence. This region is bordered by the fbaB gene which codes for fructose-
bisphosphate aldolase. You can use the Navigator function discussed previously to get
there. The region you arrive at should look similar to that shown below (maybe you have

Q) use the zoom sliders). J

File Entries Select View Goto Edit Create Run Graph Display

Entry: [v|S_typhi.dna [v|S_typhi.tab
Nothing selected (,————————————————\\
I:HIIIII IIEH I|I|II||I|I:IMII|IIII|I|| (N TRRROTN OO RO O 0 EAEvnnn O A i e ||I|II|I|II:I> i nmiy CDS

]1> ||| || I ||||||||||||||l|| || Il || ||| ||| |||]||||:P| ||||||||||||||||||||||||||||||||||||||I|||||| TRETTNT [ AT ||||||||||I|||||||I:|H||||||| I||||||||| |||I|||||||||- I| features
||||||||| IIIINIIII:DI |||||||||||||||||| |||| ||I|||||||||||I T LT R T II:lHIIIIIIIII |||||||||I||||| | [0 T 4 ||||||| [ ”hr—/
P II> II> b w b
RBS RES misc_feature i St RBS m feay \
200 2182400  |2184600 2186800  |2189000  |2191200 |_2193400 |_2195600 " |2197800 |2200000 2200 220440 .
c T G| Misc
RES S
[11 TP MO, OO EEDER OOy 1 II.IﬂIIIIIIII:IIIDIIIEIIII]]]IIHEIIIIHIIIIH | | |||l|||||||||||||||<II|III_I||| T mnf features
I 0TI 00 e ewen |||||||||||||||||I||EI|IIIIII:III|||||||IIG I|]||||I|||||||II||||||||l|||||||||||HI:III|||I||||I|| ||| ||I||||||||||||||||| (AT A Il:\..—/
1NN TR (R A TR R H:llllllﬂ:llll ||||II||||ﬂ:II|||||II|||I|||||||l]El:l|||I| 1[} ||||||||||||EI|||||| TN R A H:I |||||C
STY235 STY2352  STY2357 STY2362 ¢ | STY2367
< ] »

M # Y LYMNNEKPTIVS#TOAWNOO QETETPTIPYSFDYYNS$HLLEKS#COQTTIWEPHNALVHNI-
I NIFITITSQLCKLRGINREKNG QFLTLLITITINTYSNNA AEKTOYGRTI GQ®#T
ELISL®##0AMNCVYMNCVYESTGRTMNSLLF*LLOQLTLTIEKTIMPNNMAERSK I
AATTAATATCTTTATAATAACAAGCCAATTGTGT AAACTGCGT GGAATCAACAGGAAGAACCAATTCCTT ACTCTTTTGATTATT ACAATTAACACTT ATT AAAAT AATGCCARACAAT ATGGCCGAACGCAGT ARAC,
|2188940 |2185960 |2188080 |2159000 |2189020 |2189040 |2189060
TTAATTATAGAAAT ATTATTGTTCOGTTARCACAT TTGACGCACCTTAGT TGTCCTTCTTGOTTARGGAAT GAGAAAACT AAT AT GT TAATTGT GAAT ARTTT T ATTACGGT T TGT TATACCGGCTTGCGTCATITG)
F#YRG®#LLLGTITTYVYAHTF®*CSSGIG®H#ETEKTSS®#4#L#&CHKHNFYHWVYTIHGEFATF I
I LI KITIVYLWMNHLSRPILLFFMWMNRYREKTITIVYILVY##FLALTCYPRVYCYV
W I DKY Y CALTGQTEFEGQTSDUVEPLVLEEKSKONRHNCNVSTLTITTIG6FLTASRLTLTCT

< »
cDS 180 255 Orthologue of E. coli thrL (LPT_ECOLI); Fasta hit to LPT_ECOLI (21 aa), 86% identity in 21 aa overlaj=
cDS 337 2799 Orthologue of E. coli thrA (AK1H ECOLI); Fasta hit to AKIH_ECOLI (820 aa), 94% identity in 820 aa ove
misc_feature 343 369 PS00324 Aspartoklnase signature
misc_feature 2314 2382 PS01042 Homoserine dehydrogenase signature
CDS 2801 3730 Orthologue of E. coli thrB (KHSE_ECOLI); Fasta hit to KHSE_ECOLI (310 aa), 94% identity in 308 aa ov
misc_feature 3068 3103 PS00627 GHMP kinases putative ATP-binding domain
CDS 3734 5020 Orthologue of E. coli thrC (THRC_ECOLI); Fasta hit to THRC_ECOLI (428 aa), 93% identity in 428 aa ov
misc_feature 4022 4066 PSE0165 Serine/threonine dehydratases pyridoxal-phosphate attachment site
CDS 5114 5887 ¢ Orthologue of E. coli yaad (YAAA_ECOLI); Fasta hit to YAAA_ECOLI (258 aa), 86% identity in 257 aa ov
DS 5966 7396 ¢ Similar to Bacillus subtilis amino acid carrier protein alst ALST SW:ALST_BACSU (Q45068; P40743) fas
misc_feature 7091 7138 ¢ PS00873 Sodium:alanine symporter family signature
DS 7665 8618 Fasta hit to TALA_ECOLI (316 aa), 65% identity in 311 aa overlap
misc_feature 7755 7781 PS01054 Transaldolase signature 1
misc_feature 3049 8102 PS00858 Transaldolase active site
CcDS 8729 9319 Orthologue of E. coli mog (MOG_ECOLI}; Fasta hit to MOG_ECOLI (195 aa), 94% identity in 192 aa overh
nisc feature 8933 8974 PS01078 Molvbdenum cofactor biosvnthesis oroteins sianature 1

[ »
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/Once you have found this region have a look at some of the information available: \
Information to view:

Annotation

If you click on a particular feature you can view the annotation associated with it:
select a CDS feature (or any other feature) and click on the ‘Edit’ menu and select
‘Selected Feature in Editor’ . A window will appear containing all the annotation that
is associated with that CDS. The format for this information is constrained by that
which can be submitted to the EMBL database.

Viewing amino acid or protein sequence

Click on the ‘View menu and you will see various options for viewing the bases or
amino acids of the feature you have selected, in two formats i.e. EMBL (view ->
selection) or fasta (view -> bases or view -> amino acids). This can be very useful
when using other programs that are not integrated into Artemis e.g. those available on
the Web that require you to cut and paste sequence into them.

Plots/Graphs

Feature plots can be displayed by selecting a CDS feature then clicking “View  and

‘Feature Plots’. The window which appears shows plots predicting hydrophobicity,
\hydrophilicity and coiled-coil regions for the protein product of the selected CDS. /

In addition to looking at the fine detail of the annotated features it is also possible to look

at the characteristics of the DNA covering the region displayed. This can be done by

adding various plots to the display, showing different characteristics of the DNA. Some

of the plots can be used to look at the protein coding potential of translation frames

within the DNA, and others can be used to search for horizontally acquired DNA (such as
\GC frame plot).
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To view the graphs:

Click on the ‘Graph’ menu to see all those available and then tick the box for ‘GC
Content (%)’. To adjust the smoothing of the graph you change the window size over
which the points on the graph are calculated, using the slider shown below.

Artemis Entry Edit: S_typhi.dna

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]S typhi.dna [v]S_typhi.tab

Nothing selected
GC Content (%) Window size: 500

\\N«N\\m Yl
N W

m:l)lllll IIDI ||| |||||||:HIIIIIIIIIIIII|||||||||||||III||| L TLTLE COAE UL TR TR T IIIIIII|IIII- IETHNTE LA

~

II| I| I |I|I||II|I||I|IIIIII I Ml || ||| ||I (i I:DI ||IIIIII|I|I|||II||II|I|I|III|||I|I|I||||III|I|II LA L AT T II|||III||||I|||I|I|I:IIII||| n IIIII|I |III|II||||I|III:I[ Slider for
I IllllllggILILI;g%I‘lwllllllllIIIII III|| I|I||III|||II|I|I UOE RO O RO A II?IIIIIIIIIII III|III|||IIII I [ I[I[IIIIIIIH]!IIH: smoothing

RBS nisc_feature misi RBS 1 RBS m
|[z182400  |2184600  |2186800  |2180000  |2191200 12193400 |2195600 |2197800 |_22000004 |z2262200  [2204
<I <I <II I

TR TR R T IIIIIIIIIIIIII:I | I|DIIIII:IIII]]IIIEIIIIIIIIIIIIIII I | I|IIII|I|II|||||I|I|<1]I|III_II |I I
LT FOMI e e e o ||I|||IIII|I||III|IIIEIIIIIII:IIIIIIIIIIIIEI III]IIIIIIIIIIIIIIIIIIIIII|IIIII|II IIIEIIIIIIIIIIII II| ||IIII|I|II||II|I|I| NI
ULCETEER R TR A ] N:IIIIIIIIIZIIII|IIII|IIIII:IIIIIIII|II |I|IIII|IIEI:III||II i ||III|II|IIII:II|I||I ||III|||I|I L TR
. STY235 STY2352 srﬁsr*:ﬂ ‘“

K CKMNNIFHFIPSVYFSSSRGKLTITIFIIWSPOKASTIIRITYTTITia
I N AKTITIYFISFPOQFFPVYPGYNLGESYLLSGVYPKEKTPVYG#SGLPIFPS,I[=
# M 0 K#YISFHSLSFFOQFO QGS#TYNTIYJYLESPEKSG QYN GDYLYHH
TAAATGCAAAAAT AAT ATATTTCATTTCATTCCCTCAGTTTTTTCCAGTTCCAGGGGT ARACTT AT AATATTTATT ATCT GGAGTCCCCAAAAAGCCAGT ATAATCAGGATTACCT ATACCATCA(
|2193480 |2193500 |2193520 |2193540 |2193560 |2193580

ATTTACG ATTATATAAAGT AAAGT AMGGGAGT CALAALAGGT CAAGGTCCCCATTTGAAT ATT ATAAAT AAT AGACCT CAGGGG CGGTCATATTAGT CCTAATGGATATGGTAGT(
LHLFLTIWN®*ZKMGE

F A F T TYKMIENG®*MNEKGTGPTFEKYYZKNDPTG GLFGTYDFPNGTIGTD DS
ICFYYIEN*ERLKKWNWP\"_’V#LI#SRSDGFLWYL*S»‘RYW*I:

il [»]
CcDS 2196156 2197517 Similar to Proteus mirabilis STM-protease A implicated in urinary tract infectivity TR:(4|
misc_feature 2196639 2196695 PSE1276 Peptidase family U32 signature
cDS 2198156 2198574 ¢ Similar to proteins of unknown function found upstream of eaed homologues in enteropathd=|
CDS 2198696 2199031 ¢ Unknown function. Contains hydrophobic, possible membrane-spanning regions
RES 2199036 2199040 ¢ posslble RES =

a oo ‘ . e i Dl

Notice how the plot show a marked deviation around the region you are currently looking at.
To fully appreciate how anomalous this region is move the genome view by scrolling to the
left and right of this region. The apparent unusual nucleotide content of this region is
indicative of laterally acquired DNA that has inserted into the genome.

As well as looking at the characteristics of small regions of the genome, it is possible to
zoom out and look at the characteristics of the genome as a whole. To view the entire
genome you can use the sliders indicated above. However, be careful zooming out quickly
with all the features being displayed, as this may temporarily lock up the computer. Read
further so see how to zoom out.
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ﬁ To make this process faster and clearer, switch off stop codons by cIicking\
with the right mouse button in the main view panel. A menu will appear with
an option to de-select ‘Stop Codons’ (see below).

2. You will also need to temporarily remove all of the annotated features from
the Artemis display window. In fact if you leave them on, which you can, they
would be too small to see when you zoomed out to display the entire
genome. To remove the annotation click on the S_typhi.tab entry button on

\ the grey entry line of the Artemis window shown above.

To de-select the
annotation click here.

Artemis Entry Edit: S_typhi.dna
File Entries Select View Goto EditpffCreate Run Graph Display

Entry: S_typhi.dna S_typhi.tab
Nothing selected
GC Content (%) Window size: 500

V\\M N\\ o) N FATVN TN

U W,

— 0> D
2343 STY2345  STY2348
[—
STY2349 STY2369
I I D
STY2344 TV swz;w srﬁfaes b No stop codons
Smallest Features In Front ; ;
RBS misc_feature misc RBS t
0 2182400  |2184600 |21 ] ] |2193400  |2105600  |2197800 L22000004 |2202200 ShOWIl on frame
3 3 q q 1 .
Lower Selected Features ES' RBS R(]B]S _RBS llnes
Zoom to Selection STY23593 361 STY2368 1aB
Select Visible Range
Select Visible Features BTY STY2360 STY2366
Frame Line Features ... STY2362 3 1 STY2367 qj
4 Entries » »
K N KcCKBNRNTIFH g Select K LI I FIIWSPOQKASTITIRITYT]/[4
K I NAKTITIYFI View N L # Y LLSGVPEKEKPUVYS#SGLPIP=
K # M 0 K # Y I S F| Goto »» T YNTIVYYLESPEKSOQYNGO QDYLYH
ABAATARATGCARAAATAATATATTTCATT] g4yt » MACTTATAATATTTATTATCTGGAGTCCCCAAAAAGCCAGT AT AATCAGGATTACCTATACC
460 |2193480 ) B |2193540 |2193560 |2193580
TTTTATTTACGITITIATTATATARRGTAR] ~Create TTGAATATTATAAAT AT AGACCT CAGGGGT T T T TCGGT CATAT TAGTCCT AT GGATATGGI
F L HLFL I N * K| Wite »IS T T N I I QL GWEFALTTTLTIV+ VEF
F I F A& F I I Y KMIE Run »F KY Y KNDPTGLFGTYDPRNGTIG]||
FYICFYJYTIEN ¥ # L I # # RSDGFLWYL*S#RY W~
dq [0 Start Codons S
[0 Stop Codons _ :
= 190 o et rrovs s ST Rye
misc_feature 343 M Feature Borders Eﬁﬂ\ Menu 1tem fOI‘ de'
Do e T ] Feature Labels e tobn)s | it
3 . - | : : 1ty |5
I S — LAl A= SRt S se]ectlng stop codons ~|
«Til ; [
[0 Feature Stack View

™ Forward Frame Lines

¥ Reverse Frame Lines

[0 A1l Features On Frame Lines
I3 Show Source Features

[J Flip Display

I3 Colourise Bases

~10-



Module 1: Artemis

/3. One final tip is to adjust the scaling for each graph displayed before zoomirm

each plot is calculated. To adjust the scaling click with the
over a particular graph window. A menu will appear with
Window size’ (see above), set the window size to 20000’

4. You are now ready to zoom out by dragging or clicking

\ before, to have a similar view to that shown below.

out. This increases the maximum window size over which a single point for

for each graph displayed (if you get an error message press continue).

below. Once you have zoomed out fully to see the entire genome you will
need to adjust the smoothing of the graphs using the vertical graph sliders as

right mouse button
an option “Set the
You should do this

the slider indicated

/

(<] Artemis Entry Edit: S_typhi.dna
File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]S_ typhi.dna []S_typhi.tab

selected
ent (%) Window size: 500

3 Graph scaling
menu ST

¥ scaling

Slider for
zooming out

@ Show average

M Window S: »
Create features from graph »

val ge(s) for selected rang

E' 20004 |

| Set Window Size | Cancel

]

Set Min/Max Values... =
Maxinum Window Size B
r ure r

values and average(s) for selected range.

© Set Window Size ooe  [2101200  [2103400  [2195660  [2197800  [2260000 2202200 \_22047

D] [T

K NKCKNNTIFHFIPSVYFSSSRGKLIIFIIWSPOQKASIIRITYT
KINAKIIVFI5FF’QFFF’VF’GVNLxVLLSGVPKKPV*SGLPIP
Q SFHSLSFFQFQ N 3 [} [} [}
AMATMATGCMAMTMTATATI'[CATI'FCA‘HCI(—:CI'CAGH'I'HTCCAGITCCAGGGGrMACHATMTATI'FATFATCTGGAGrCCCCMAMG(IAGFATMTCAGGAWACCFATACU

93580
TrrTm'rAcm'mmTATATMAGrAAAcmcecmrcnAAAAAGGTCAAGGchccmTGnnm—munuTmAccrcncmcm'rrccarmnﬁwrccmmcﬂncm
LHLFLI 1 QL GWEF LI v+ vk
FIFAFIIVKMENG*NKGTGPTFKYYKNDPTGLFGTVDF’NGIG
[FVICFVVIEN*E LKKWNW‘P‘YVxLI:t:tRSDGFLwYL*SxRVW

< ]

I”

) Artemis Entry Edit: S_typhi.dna
File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]S_typhi.dna []S_typhi.tab

@lick with the leh

656101 selected bases on forward strand: 295246..951346
GC Content (%) Window size: 20000

58.73

¥ ﬁﬁww hﬂx M.» MM MM%«M mmmaasmrmmﬂmmn O 52,09

414 A R

39.5

mouse button in a
graph window. A line
and a number will
appear. The number
1S the relative

[« Tm]

1

|524000

|1oass00 1574700 |2624500 3148400  |3674300  |4100200  |4724100

MRS N I

il [ ]

K NKCKMNMNTIFHFIPSVYFSSSRGKLTITIFTITIWS®POQKA ASTITIRITYT
K INAZAKTITIYFISFPQFFPVYPGVYNLS®YLLSOGVYPKIKFPVYs#SGLPTIFP
K #MQK®#Y I SFHSLSFFOQFOQGS#TYNTIYYLETSPKSQYWMNSO QDTYLY
g\:—:TAAATGCAAAAATAATATATITCATTFCATTCCCT CAGTTTTTTCCAGTTCCAGGGGTAAACTTATAATATTTATTATCTGGAGTCCCCAAAAAGCCAGTATAATCAGGATTACCTATACC
460

|2193450 |2193500 |2103520 |2193540 |z193560 |2193580
ATTTACGTTTTTATTATATAAAGT ARAGT AAGGGAGT CAARARAGGTCAAGGTCCCCATTTGAATATTAT AAAT AAT AGACCTCAGGGGTTTT TCGGTCATATT AGTCCTAATGGATATGGT
FLHLFLTIMN®*EKMGETE KELELPLSTITINTIIQLGWEFA ALTITILTIV+Y
FIFAFTITIYKMERMNG®*NEKGTGPTFKYYEKHNDPTGLFGTYDFPNGTIG
FYICFYYTIEN*ERLEKEKWHNWEPEPYVY#LI##&RSDGFLWYL*Ss#RYW

position within the
Qenome (bps).

/Click and drag th

highlight a region on
1 the main DNA line.
Notice  that  the
boundaries of this
region  are = now
marked in the graph

»

4

K T ]

3 windows that you

-11-

Qreviously clicked in/




Module 1: Artemis

Artemis Exercise 3

Now select the ‘S.typhi.tab’ entry box to switch on the annotation and go to position
4409511. The next region we are looking at is defined as a Salmonella pathogenicity
island (SPI). SPI-7, or the major Vi pathogenicity island, is ~134 kb in length and
contains ~30 kb of integrated bacteriophage.

The region you should be looking at is shown below and is a classical example of a
Salmonella pathogenicity island (SPI). The definitions of what constitutes a
pathogenicity island are quite diverse. However, below is a list of characteristics which
are commonly seen within these regions, as described by Hacker ef al., 1997.

1. Often inserted alongside stable RNAs

2. Atypical G+C contents.

3. Carry virulence-related functions

4. Often carry genes encoding transposase or integrase-like proteins
5. Unstable and self-mobilisable

6. Of limited phylogenetic distribution

Have a look in and around this region and look for some of these features.

Artemis Entry Edit: S_typhi.dna

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]S_typhi.dna S_typhi.tab
Selected feature: bases 133562 SPI-7 (/colour=0 /label=SPI-7 /note="The major Vi antigen pathogenicity island (SPI 7}")

GC Content (%) Window size: 9683 [4]
4359693 58.28
4409511
f\_,\ AL 4543072 ol
43,657
I3ih (L popr D NPB O B D 1 11 op b P (4]
S STY4481 1+ dmsB S0€ STY4526 535 E[;lk STY4564 457 STY4 STY4599 STY462¢ STY4648 € STY cII EB echi
® D e 0 0D BIOODDDIDDDD BP0 D 0 B P D _ _
S STY44380 melB dms STY4518 4528334 1 S € STY45 STY457¢  STY4595 pE  STY462 cI TY4649  STY4663 67 672  yjel ylﬂeMJ
e BB POOD  DEDD [OIDDD D BD 1%
STY4474 8 3TY44¢ STY4497 S STY4517 1524 pilP I ST STY4565 ST S STY4594 STY4647 STY4664 echE yjeN
Ly b o up RN VAN V2 72 P 2N 2
misc_feature reture misc_f misc_feature sre init . misc_fe RBS misc_feature SopE misc_feature _unit sture misc_ misc

|a36000  |4387500 %im?ooo |4426500  [4446000 |4465500 — |4485000  [4504500  [4524000 dfsaasoo ~ |a56301
U q J | 4 WK4q

J J J J FI
misc_zlmlsc feature sc_featr SPI-7:ature eat_unit _unit q misc_feature f misc_feature eat_unit .sc_featur misc m: m
cs  STY4 STv4492 ymB € STY4513 pilN 'pilv2 STY4585 S1 STY46C STv46. STv4641 insd STy STY46753%  ecnR 3
14aaeE 40 M q Qo @m]wqmm NINEI] @aq <1]<ill<]3|]
¥ STY4488 48 STY450( STY4516 STY4580 STye STy ' § ¢ STY4632 38 insB iB STY4674 581 frd y |
q @QM] W4 OO0 W Q40 @ 4 a4l
STY4487 44¢ dcuR phoN STY4582 STY4' 'pin 516 ! STY4633 37 exB tvid S1 STY4¢ STY4686 'dC  yivl

Kl ] [»

We are going to extract this region from the whole genome sequence and perform some
more detailed analysis on it. We will aim to write and save new EMBL format files which
will include just the annotations and DNA for this region.

Follow the numbers on the next page to complete the task.

-12-
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Artemis Entry Edit: S_typhi.dna

File Entries Select View Gotg Edit| Create Run Graph Display
Entry: [v]S typhi.dna [v]S_typhd. 1
136810 selected bases on forwfrd s
GC Content (%) Window size: 96 Selected Features in Editor Ctrl-E =
4359693 Lo Subsequence (and Features) 58.28
. ‘ 'R
J)\‘ C||Ck Edlt Find/Replace Qualifier Text ... Acacoa
[~ Qualifier of Selected Feature(s) » Click ‘Ed|t
™ Selected Feature(s) » e e 3
Move Selected Features To » q .
Copy Selected Features To » (and featureS)
Trim Selected Features 4
'.) Extend Selected Features » T i) OF T 1 b b =
.§§TY4481 D | dﬂTSB @0[9[) E Fix Stop Codons DSTY462ﬁmE£I'Y4648 [}cw Iuc]) EE) eanm |
S STY4430 molB  ds STY4SIfkaEleCa I IR IR STY462 cI TY4649 STY4663 67 672 yjel yjeM)
PR O [N Fix Gene Names [ Iﬂ 13
%?fgld’gél 8 iTY44¢ STY44EE"> S STY45]1| Bases » STYdeE> DS'P(4664 W beanpyjeN
. : P
misc_feature reture p#c f mis Contig Reordering ure SopE misc_feature _unit iture misc_ misc_1i
0 |a36s000  |4387 44070 Header Of Default Entry 85000  |4504500  |4524000 <stewsoo |as6306
1 @ s eager o : o - T4 W4 -
misc_f misc feajfe sc_featr SPI-7:ature eat_unit _unit misc_feature f misc_feature eat_unit .sc_featur misc m: m
a @ 4 4q q 4 @l g a0 44
STY43513 pilN ‘pilv2 STY458: S1 STY4E STY46. STY4641 insh STY STY4675% ecnR 3
Select region by |® O GModng (@d 400 4 aE @
g y i %TY:ISIG (ET‘MSEIOQ] STye STY 4]4] sms%ztea%% 1% iB @%467%]381 <l1’r‘d ¥ ([.’
1 C“Cklng Wlth the phol STY4582 STY4 'pin 516 ! STY4633 37 exB tvih S1 STY4¢ STY4686 *dC vy Z
left mouse button L] .
& dragging

A new Artemis window will appear displaying only the region that you highlighted

o Artemis Entry Edit

ies Select View Goto Edit Create Run Graph Display

n [vIno name [v]no name
Nothing selected

Note the entry names
have changed

T 1 T 1Y s s A [ A5
STY4525  STY4526

LT T | 1 (O T

STY4522 STY4528

HCEE Dl THe e 1 11 o T e TR
STY4521 - STY4523 STY4524 | |
misc_feature =
500 [1600 |2400 |3200 |a000 |asoo |s600 |s400 |7200 i

( \ CtFINA'

Note the bases W T T A A A [EHHET 1 11 1 A

have been [Imy IR RN L e Nt [ A AR [
11 | A A WA 1 | Y e O B A A O V]
renumbered \fzhr” — )

from the first L RIFWLYFPRLYLHPOQOQLVYSTIVGHNPLSHSPGSNKPPYHSG K[4]
Y W RN $G6YIFHAYICILSSLFPSWGTLYRIALEKTISLLTITIAE S

b T GEN A1 FSTLISASSAACFHRGEPFTIMA+PLEKGSASLS+REK
asc you CTACTGGCGAGAAT ATI CY GGCTATATTTTCCACGCTT AT ATCTGCATCCTCAGCAGCT TGTTTCCATCGTGGGGAACCCTTTATCGCATAGCCCTT ARAAT AAGCCTCCTTATCATAGCGGARA

2 120

Qelected j GATGACCGCTCTTATAAGACCGAT ATAAAAGGT GCGAAT AT AGACGT AGGAGT CGTCGAACARAGGT AGCACCCCTTGGGAAAT AGCGT ATCGGGAATTTT ATTCGGAGGAATAGT ATCGCCTTT
. SALINQSYKGRKYRCG*CSTEMTPFGKDCLG#FLGG#*LPF

+ QRS Y EP+ I KW A I gMRLLKMNGDHPWYR#RMARILTILIRRTIMATSL

‘ll\llF‘SFIRAINEVSIDADEAAOKWRPSGKIAYGKFYAEKDYRF'
AL »
CDS <1 271 ¢ Similar to Salmonella typhimurium nonspecific acid phosphatase precursor phoM SW:PHON_SALT~
W tRuA 975 1032 ¢ possible truncated tRMA Phe. =
misc_feature 975 134536 ¢ The major Vi antigen pathogenicity island (SPI 7) [
CDS 1116 2150 Weakly similar to the C-terminus of several polysaccharide biosynthesis proteins e.g. Str
CDS 2147 3511 Similar to Bacteriophage Pl Ban helicase TR:080281 (EMBL:AJ011592) (453 aa) fasta scores:
misc_feature 2777 2800 PSGOG17 ATP/GTP-binding site motif & (P-loop}
CDS 3504 5303 no significant database hits
CcDS 5472 5777 Doubtful CDS
CDS 5905 6486 no significant database hits.
DS 6571 7128 Weakly similar to Yersinia pestis orf 77 TR:Q9Z381 (EMBL:ALO31866) (193 aa) fasta scores:
CDS 7373 8716 no significant database hits
misc_feature 8718 9154 Low G+C region containing repeat region with 1OxTGGT{4/-) (T/C)AAAAA(A/G)T.
CDS 9302 10081 no significant database hits. Contains a hydrophylic region in the N-terminus between resi
CDS 10192 12186 Previously sequenced Salmonella typhi topolsomerase B TopB TR:QSRHFS (EMBL:AFGO000L) (664
CDS 12854 13303 no significant database hits
CcDS 13384 13602 doubtful CDS =i
< Il | []
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4 N

Note that the two entries on the grey ‘Entry’ line are now denoted ‘no name’. They
represent the same information in the same order as the original Artemis window but
simply have no assigned ‘Entry’ names. As the sub-sequence is now viewed in a new
Artemis session, this prevents the original files (S_typhi.dna and S typhi.tab) from

K being over-written. j

We will save the new files with relevant names to avoid confusion. So click on the
‘File’ menu then ‘Save An Entry As’ and then ‘New File’. Another menu will ask
you to choose one of the entries listed. At this point they will both be called ‘no
name’ . Left click on the top entry in the list. A window will appear asking you to
give this file a name. Save this file as spi7.dna

Do the same again for the second unnamed entry and save it as spi7.tab

@™ @ Artemis Entry Edit

File| Entries Select View Goto Edit Create Run Graph Display
Show File Manager ...
Read An Entry ...

Read Entry Into »

Read BAM / VCF ... 1 11 s O
STY4525 STY4526

S BN Ey) L s 4 0T L W TR

Save An Entry |4 S STY4520

Save An Entry As ¥ New File »[ no nane 0 (o T T T T

Save All Entries EMBL Format | no name STY4524

e »| GENBANK Format > H

- Sequin Table Format » 20 BSOO |§600 |§400 ]1200

Clone This Window
GFF Format >

EMEL submission Format | \INIININEN L1 1 00 00 W 00 F 1 i1

Save As Image Files (png/svg)...
Print... T

Print Preview (O U M A RN W

Open in DNAPlotter ‘
- Il b TErE TEmee e e

Preferences |

v 4]

Close

LLARIFWLYFPRLYLHPQOQLVYSIVGNFPLSHSPSNEKPFPYHSGK-
YWREYSGYIFHAYTICILSSLFPSWOGTLYRTIA®AWLIKTIZSLLTITIAE @
. TGENTILAIFSTLTISASSAACFHRGEFPFTIW®SAS+FPLIKS®ASLS+ RK
CTACTGGCGAGAATATTCTGGCTATATTTTCCACGCTTATATCTGCATCCTCAGCAGCTTGTTTCCATCGTGGGGAACCCTTT, ATCGCATAGCCCTI'AAAATAAGCCTCCTI'ATCATAGEGGAAA(
20 40 60 30 100 120

GATGACCGCTCTTATAAGACCGATATAAAAGGTGCGAATATAGACGT AGGAGT CGTCGAACAAAGGT AGCACCCCTTGGGAAAT AGCGTATCGGGAATTTTATTCGGAGGAATAGTATCGCCTTT(
. S ALINIOQSY-KGRIKYRCG®H*TCSTEMTZPFGKTDTCLGS#®TFLGGS®®*LPF

+ QRS Y EP+ I KWA#TIOQMRLLIKMNGDHPVYRS#RMARTLTILIRRTIMASL

II\.“‘PSFIRAINEVSIDADEAAOKWRPSGKIAYGKFYAEKDYRF#'
<L »
=

DS <1 271 ¢ Similar to Salmonella typhimurium nonspecific acid phosphatase precursor phoN SW:PHON_SALT -
Ml tRuA 975 1032 ¢ possible truncated tRNA Phe. E

misc_feature 975 134536 ¢ The major Vi antigen pathogenicity island (SPI 7)

CDS 1116 2150 Weakly similar to the C-terminus of several polysaccharide biosynthesis proteins e.g. Str

CDS 2147 3511 Similar to Bacteriophage P1 Ban helicase TR:080281 (EMBL:AJ011592) (453 aa) fasta scores:

misc_feature 2777 2800 PSEO017 ATP/GTP-binding site motif A (P-loop)

DS 3504 5303 no significant database hits

DS 5472 5777 Doubtful CDS

CDS 5905 6486 no significant database hits.

CDS 6571 7128  Weakly similar to Yersinia pestis orf 77 TR:Q9Z381 (EMBL:ALO31866) (193 aa) fasta scores:

DS 7373 87186 no significant database hits

misc_feature 8718 9154 Low G+C region containing repeat region with 10xTGGT(a/-) (T/C)AARAA(A/G)T.

CDS 9302 10081 no significant database hits. Contains a hydrophylic region in the N-terminus between resi

CDS 10192 12186 Previously sequenced Salmonella typhi topolsomerase B TopB TR:Q9RHFS (EMBL:AFQ00001) (664

CDS 12854 13303 no significant database hits

DS 13384 13602 doubtful CDS =
<« Il [ [*]

KWe are going to look at this region in more detail and to attempt to define the limits of\
the bacteriophage that lies within this region. Luckily for us all the phage-related genes
within this region have been given a colour code number 12 (pink; for a list of the other
numerical values that Artemis will display as colours for features see Appendix IX). We
are going to use this information to select all the relevant phage genes using the Feature
\selector as shown below and then define the limits of the bacteriophage. j

First we need to create a new entry (click ‘Create’ then ‘New Entry’ ). Another
entry will appear on the entry line called, you guessed it, ‘no name’. We will
eventually copy all our phage-related genes into here.
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Artemis Entry Edit

Click ‘Select’ - 7

Feature Selector ...
All

All Bases

None

By Key

then ‘Feature
Selector’

Selected featu

T
(R
([T

ALl CDS Features
Same Key

Make sure the buttons
are selected

|§ Open Reading Frame
I Features OviGESEaY
Base Range Select by:
‘ ’ Feature AA [ '
) Set Key to 'CDS m ¥ ey

and Qualifier to
‘colour’

v| Qualifier:

s
3 Type SearCh term GATGACCGCTCTTATAAGACCGATATY [ Up to:
S A4 LIMNG GS.Y
+ Q RS Y E P + IAnd:
IV—IPSFIRAIn“uart
CRALl oh
DS a and:
E M tRuA 975 Up to:
4 C“Ck to Select misc_feature 975 ;e
. CcDS 1116 And:
features containing | &% e 397 Dot test
oS 3504 |, .
search term cos sa2 And:
DS 5905
6571

And by:

Click to view

Features Matching Qualifier

ctrl-

Ctrl-nN "

CDS Features without /pseudogene

Containing this texty

Amino acid motif:

cward Strand Features

STY4525 STY4526
AL INIED T DO O CEm TR e e nce——_

§elect\!1ew Goto Edit Create Run Graph Display

(I

[ DI o e

ETY4523

Artemis Feature Selector

CcDs

colour

12

4300

v

v| Allow Partial Match

Select » View
v

selected
features in a list

feature list

Select View Goto

65714
66178
66464
67561
68046
70819
700953
71310
71835
73542
74462
74876
76492
77090
77985
78341
78988
79427
79954
80379
80761

bases long

bases

exons

exons long

Contains introns without GT/GC start and AG end

v|Reverse Strand Features

Close

\

@ ®® All features with key "CDS" with qualifier "colour" containing text "12"

Edit Write Run

no significant database hits -
Escherichia coli prophage P2 Ogr protein SW:0OGRK_E(

66091

66396 ¢
67564 ¢
68046 ¢
70826 ¢
70938 ¢
71255 ¢
71825 ¢
73007 ¢
74264

74869 ¢
76495 ¢
77097 ¢
77998 ¢
78344 ¢
78919 ¢
79434 ¢
79858 ¢
80379 ¢
80756 ¢
81231 ¢

Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to
Similar to

Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage

long :

lon
D)

STY4528
11 o TR A A R
STY4524
|ss00 |sa00 |7200

FOE T
T | |
LT

[ e A I
M mme ey
CEEE M ra

v |

SHSP#NKPFPYHSGK
RIALKTISLLTITIG®SE
I A +PLKG®#BA&SLS+RK
(TCGCATAGCCCTTAAAATAAGCCTCCTTATCATAGCGGAAA

[200 [120
“AGCGTATCGGGAATTTTATTCGGAGGAAT AGTATCGCCTTT
DCLG®#FLGGGS#*LFPF
R M ARLTILRRTIMAS.L
A Y G KFY A EKDYRE

L]

v«

m

v <]

4 |fclass="5.1.2" fcolour=12 /gene="STY4600" /product="putative positive re

»

1d phosphatase precursor phol SW:PHON_SALT

saccharide biosynthesis proteins e.g. Str
‘81 (EMBL:AJO11592) (453 aa) fasta scores:

181 (EMBL:ALO31866) (193 aa) fasta scores:

TGGT (A/-) (T/C)AAAAA(A/G)T.
ylic region in the N-terminus between resi
-ase B TopB TR:QSRHFS (EMBL:AFDO0001) (664

b

maP_TA_AADLEA LMoL ar

[*]

MDD

P2 late gene control protein D SW:VP[
P2 complete genome U essential tail |
186 protein G TR:Q37848 (EMBL:U32222]
186 0rfS2 H TR:080316 (EMBL:U32222)

P2 complete genome E, essential tail
P2 major tail tube protein fII SW: VPR
P2 major tail sheath protein fI SW:v

Salmonella typhimurium invasion-associated secreted

Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage
Bacteriophage

P2 probable tail fiber assembly prote
P2 probable tail fiber protein SW:VPH
P2 tail protein I SW:VPI_BPP2 (P2670]
P2 baseplate assembly protein J SW:vi
P2 baseplate assembly protein W SW:vi
P2 baseplate assembly protein Vv SW:vi
P2 tail completion protein S SW:VPS_§
P2 tail completion protein R SW:VPR_E
P2 protein LysB protein involved in 1

no significant database hits. Contains possible membrane spant
Similar to Serratia marcescens putative phage lysozyme NucD Tfw

Close

»

of the information within spi7.tab.

The genes listed in (6) are only those fitting your selection criteria. They can be
copied or cut / moved in to a new entry so we can view them in isolation from the rest

J

remain.

Firstly in window (6) select all of the CDSs shown by clicking on the ‘Select’
menu and then selecting ‘All’ . All the features listed in window (6) should now be
highlighted. To copy them to another entry (file) click ‘Edit’ then ‘Copy Selected
Features To’ then ‘no name’. Close the two smaller feature selector windows
and return to the SPI-7 Artemis window. You could rename the ‘no name’ entry
as phage.tab, as you did before (if you can’t remember how to do it have a look at
page 14). Temporarily remove the features contained in ‘spi7.tab’ file by left
clicking on the entry button on the grey entry line. Only the phage genes should

-15-



Module 1: Artemis

Additional methods for selecting/extracting features using the Feature Selector
It is worth noting that the Feature Selector can be used in many other ways to select and
extract subsets of features from the genome, using eg text or amino acid searches.

®®® Artemis Feature Selector

Select by:
V] Key: cos -
v] Qualifier: product -

Containing this text: |regulator
v] Ignore Case v] Allow Partial Match

Match Any Word

And:
Up to: bases long
And:
At least bases long
e Space for a search
Up to: exons long . .
term or amino acid
At least exons long .
e motif

Contains introns without GT/GC start and AG end

and by:

Amino acid motif: MEDSSEA

v] Forward Strand Features [v]Reverse Strand Features

Select View Close

Defining the extent of the prophage

Even from this preliminary analysis it is clear that the prophage occupies a fairly discrete
region within SPI-7 (see below). It is often useful to create a new DNA feature to define
the limits of this type of genome landmark. To do this switch off stop codons, then use the
left mouse button to click and drag over the region that you think defines the prophage.

Y

Artemis Entry Edit

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]spi7.dna []spi7.tab (7] phage.tab
33607 selected bases on forward strand: 65353..99049

) ]
STY2589 STY2628
o>
S0pE STY4627 <I Y4645
I ] ‘
|52080 |s8500 lss000 |72580 |7s000 |sasaa loreaa |o7580 |104800 |110500 |12708G
4a 4 4 OeoED aa =
STY4600 STY4604  STY € STY4618323 5 ST STy4641 insh
Qc]
STYa601 STY46] € ST STY4622 16 STY4 STY4632_STY4638 1 insg
STYa_STY2605 STY4614 1619 STY4630 _ STY4637 ~

<

>

P Y GAELPROGP VP

LDTETPGHASALGSGLCLRYGHGSOETHMRA

TN L L

RTAOSVH

I F
GNLVLDEVFWIPK

FOELRKVASGM

A 1

H K

KWRoTvn,

CCGTACGGCGCAGAGCTACCACGGCAACCTGTACCFFGATGACTATFFCTGGAUCCG&AAT[CCAOGAGCYGCGC&AGGWGCCTCCOGTATGGCCATTCnCMGMATGGCGAC&MCCTA
85400 (5460

GGcAmccGcGrCrcGAmGrGcccrmGAcATGGucrAcrrATAAAGACUATGGCrrrAmGrocrcG&cGcGrrcuAcGGAGGccATAccGGrAAmGrrcrrrAccﬁchrrrcG.\mu
SIAVFRS

TGQ
CLfWPLRVRS
VAV QUK

NRSVYSIGPAACEPDQ
SVKQIGFNWSSRLTAEP!
FIEPYRFELLG QALNGGTH

AM"L

G

VoL

FHRCV$
FPSLG
D]

oS 65437 65614  no significant database hits B
s 65901 66119 ¢ Similar to Escherichia coli prophage P2 Ogr protein SW:0GRK ECOLT () (72 aa) fasta scares|
oS 66187 67287 ¢ Similar to Bacteriophage P2 late gene control protein D S:WPD_BPP2 (P10312) (387 sa) fas
s 67284 67769 ¢ Similar to Bacteriophage P2 complete genome U essential tail protein TR:064315 (EMBL:AF063=
oS 67769 70549 ¢ Siailar to Bacteriophage 165 protein O TR:036dg (EMAL:US2z22) (812 aa) fasta score: E()
s 0542 70661 ¢ Similar to Bacteriophage 186 OrfS2 H TR:080316 (EMBL:U32222) (S8 33) fasta scores: EQ): 3
s 70676 70978 ¢ Siailar to Bacteriophage P2 complete genome E. essential tail protein TR:064313 (EvEL: AFOE
oS 71033 71548 ¢ Similar to Bacteriophage P2 major tail tube protein fII SW:VPF2 E (P22502) (171 3a) fag
s 71558 7273 ¢ Similar to Bacteriophage 2 major tail sheath protein f1 Sh:VPFL BPP2 (P22501) (305 a) 14
oS 73265 73987  Similar to Salmonells typhinuriun invasion-associated secreted protein SopE TRi052623 (EM
s 74185 74592 ¢ Similar to Bacteriophage P2 probable tail fiber assembly protein & SH:TEA BFP2 (P26699) (
oS 74599 76218 ¢ Similar to Bacteriophage P2 probable tail fiber protein S:VPH BPP2 () (669 aa) fasta sco
s 76215 76820 ¢ Similar fo Bacteriophage P2 tail protein I Si:VPI_BPP2 (P26701] (176 aa) fasta scores: E(
oS 76813 77721 ¢ Similar to Bacteriophage P2 baseplate assembly pratein J SW:VPJ_BPP2 (PS1767) (302 aa) fa:
s 7708 78067 ¢ Similar to Bacteriophage P2 baseplate assembly protein W SW:VPW BPP2 (PS1768) (115 aa) fad
oS 78064 78642 ¢ Similar to Bacteriophage P2 baseplate assembly protein V S:VPV BPP2 (P31340) (211 aa) fade|
=T B A T = SO S SO SO B S S L S S SN SNV ES

While the region is highlighted, click on the ‘Create’ menu and select ‘Create
feature from base range’. A feature edit window will appear. The default ‘Key’
value given by Artemis when creating a new feature is ‘CDS’. With this ‘Key’
the newly created feature would automatically be put on the translation line.
However, if we change this to ‘misc_feature’ (an option in the ‘Key’ drop down
menu in the top left hand corner of the Edit window), Artemis will place this
feature on the DNA line. This is perhaps more appropriate and is easier to
visualise. You can also add a qualifier, such as ‘/label’ : select ‘label’ from the
‘Add Qualifier’ list and click ‘Add Qualifier’, ‘/label=" will appear in the text
window; add text of your choice, then click ‘OK’. That text will be used as a
feature label to be displayed in the main sequence view panel.

[ To see how well you have done, tick the little box to turn on spi7.tab.
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-

Your final task is to write out the spi7 files in EMBL submission format, and create a
merged annotation and sequence file in EMBL submission format. In Artemis you are
going to copy the annotation features from the
save this entry in EMBL format. Don’ t worry about error messages popping up. This is
because not all entries are accepted by the EMBL database.

‘tab’ file into the

‘.dna’ file, and then

Click ‘Select’

Artemis Entry Edit
File Entﬁ.&};elect View Goto Edit}geate Run Graph Display

Select ‘spi7.dna’

R Q P V

Header Of Default Entry

th ‘A”! Entry: [v]spi7.dna [v]spi7.tab [v]| Undo tri-u
en 232 selected features
Selected Features in Editor trl-E
Subsequence (and Features) II>EI> D‘
STY4583 ! STY4589 STY45 S yihP STY
o Find/Replace Qualifier Text ... d 13 |
Y4579 S STY STY: ST _STY4395 | Qualifier of Selected Feature(s) » STY4645 1649 STY46
Selected Feature(s) »
4584 ¢ STY4 STY4594 STY4647 STY46E
Move Selected Features To »
0 ‘ g’ S Phage Copy Selected Features To » spi7.dna misc_feature IS1 at_unit misc_f|
C“Ck Ed|t y then boo 58501 i7.tab 508 [104080 |110500 J11708G
‘ Trim Selected Features »| SpP1/.1ab ¢ |
Copy Selected Extend Selected Features »| phage.tab TS mi mig( repeat_unit I
’ Fix Stop Codons D Qﬁ I
Features TO ITY4585 S STl - STt apl 4l 14 vexD insh
DD Automat Create Gene Names D
sam STY. ene Names Nv46:  cII 340 vex( tv insB tviB
4 Bases » . .
STY4582 459 S| = = 16Z STY4637 vexE ' vexd tvit tvid |
” Contig Reordering | »

G C L RY GHSOQEMATNLLA-

G Ly [ D E v F w I P K F O E L R KV A S ¢ M a T H K K WR O T Y f=

|

unit

Click ‘File’ then

As’

LGCA GICICCATGO] GLIGGA
G Y P ASSGRTCGTG CF'

RY ACL+WPLRYRSSYKOQIOGFNWSSRLTAEFPTIAM®*
T RR L AV V AV QVKTIFTIEFP

4

Artemis

.GII;
G P &4 A

w3

¥

Entry Edit

TATCTLHNISGYRNSRSCARLF'F'VWF'FTRNGDKF'T

YRFELLQAL]I’NGGTHGNVLFPSLGV

S I AV FRS
LFHRZCUY + K

=K
I'!'I..

5 protein
PilT protein
PilU |:|r|:|tr=1n

File| Entries Select View Goto Edit Create Run Graph Display

Show File Manager ... b
‘Save An Entr i
y Read Entry Into »
Read BAM / VCF ... D
STY4628 S _yjhP STY|
Save Default Entry ctrl o |
Save An Entry » | sopE STY4627 STY4645 1649
Save An Entry As b New File » v asa7
Save All Entries EMBL Format » 3
Write »| GENBANK Format » misc_feature ISl at_unit H'IISC ?
» )0 91000 97500 104000 110500 11700
‘ Clone This Window iiiuén Taltﬂe IR 5 | —3 | | q l
orma
EMBL Save As Image Files (png/svg). Lo nisc feature mi mis¢ repeat unit
Print Y RhpEE ‘b\ EMBL Suhm1ss1on Format »| spi7.dna | ﬂ =
5 g 3 Ty spi7.tab *apl 4l 1A vexD insh
u I I IISSIOn C Freview D
3 phage. tab " N - 3
Open in DNAPlotter STY S 6:  cII 340 vex( tv insB tviB
Format’
Preferences 607 STY STY4619 STY4630 16 STY4637 vexE ' vexA tvit tvid A}
I

Select
‘spi7.dna’

A A QLICOACATCOAACTACT
GYF‘ASSGRCGTGOH

R Vv A CL +
TRRL &V

[

Save file as
spi7.embl

WIsC_TeatuTe

DS
DS
DS
DS
W repeat_unit
misc_feature

M repeat_unit
CDS

DS
DS
DS
DS
DS
DS
DS

W P L
¥V AV QVKTIFTIETPYRF

Zrouo—ZIvIT

AC e 4 GGCAACCTCTACCTTOATGAATATTTCTGGA] AATTCCE GCTGCGCANGGTTGCCTC [ATGGCCATTCACAAGAAAT 4
85380 85400 5420 85440 51160 85480
QIC] Ol Cl QLI

NRS\.’SIGPAAC
RY RS SY KOQTIGFHNW
E

S SR L

B
T A EPTI & M*
LLQ&ALN

[

SIAVFRS
L FHRZCV+ K
G GTHGMNUYLFPSLGVY

h>l

»

TOUUOTY AU T AN TET aSes Class Il PyTIUUAT - pIIUSPIate ot taciment SITe

22286 23371 Previously sequenced Salmonella typhi PilR TR:QOZIVO (EMEL:AFOBG001) (361 aa) fasta scores™
23371 24006 Previously sequenced Salmonella typhi PilS protein TR:Q9ZIUS (EMBL:AFOD0001) (206 aa) fast—
24016 24492 Previously sequenced Salmonella typhi PilT protein TR:Q9ZIUS (EMBL:AFO00001) (158 aa) fast=|
24489 25151 Previously sequenced Salmonella typhi PilU protein TR:Q9ZIU7 {EMBL:AFOG0001) (220 aa) fast
25148 26455 Previously sequenced Salmonella typhi PilV TR:051801 (EMBL:AFOQ0001) (435 aa) fasta score
26191 26209 19 bp repeat unit required for rci mediated inversion of the pilV C-terminal region. Seque
26191 26718

26457 26717 ¢

26700 26718 ¢ 20 bp repeat unit required for rci mediated inversion of the pilv C-terminal region. Seque
26803 27954 Previously sequenced Salmonella typhi Rei TR:051802 (EMBL:AFOQ0001) (383 aa) fasta score
28051 28518 Weakly similar to Escherichia coli plasmid IncIl R64 PilK protein TR:007369 (EMBL:DS8588)
28730 29605 Weakly similar in parts to similar to transferase proteins from Salmonella typhimurium, T
30112 31026 No significant database matches. Contains a possible membrane spanning hydrophobic domain
31045 31785 no significant database hits

31899 32450 Similar to Rickettsia prowazekii hypothetical protein TR:Q9ZD86 (EMBL:4J235271) (290 aa) f|
32486 32936 no significant database hits

32896 33565  Weakly similar to Salmonella typhimurium plasmid pkM1G1 hypothetical protein TR:006957 (Ek~|
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Now open the EMBL format file that you have just created in Artemis.

oo Artemis Entry Edit: spi7.embl

File Entries Select View Goto Edit Create Run Graph Display
Entry: spi7.embl
Nothing selected

===l [IITTm e e oot Tt | A 1
STY4521 STY4523 STY4524
T T 1 11 1 1 Y 1V I DUCTETIEEE T T
STY4525 STY4526
[ VT ] 1 O T T Y R I
STY4522 STY4528
misc_feature mig=

300 1600 2400 3200 4000 4800 5600 6400 7200

tRNr_Teature

1 T O VI AR AR IRTE L O O 1 1 A
L A A T T (11 A 1 1
0 I A A1 O e MY

« ] »
E V¥V VvPGLGIEPRTARGFSTIPLSKSS+TPL®*LFELWVYWAGRARTWHZSN K=
N KWCPDSESNMNHGHT GDFQSPCQKVYRHRFDFLNW+QA&GEWHTIRTIINK=
. I S 6GARTRMNRTTDTO GIFMNZPLUVYKI-KLTDT® ALTTF®*TIOGSURIOQGQANTFE #
GAATAAGTGGT GCCCGGACTCGGAATCGAACCACGGACACGGGGATTTTCAATCCCCTTGTCAAAAAGTT AGACACCGCTTTGACTTTTTGAATTGGT AGCAGGCAGGCGAACACATTCGAATAA,
|20 lao |50 80 100 120
ATTCACCACGGGCCTGAGCCTTAGCTTGGT GCCTGTGCCCCT AAAAGTTAGGGGAACA
.Y T TGPSPISGRVYRPNETIGAKTDFLS®VGSQSKZSNTAPLARYCETFL
FLHHOGSESDFWPCPSKHH*DSGQ*FTLT CRIKSKIEKTFI QYT CAPSTCMZRTIF_|
f [L P A&RYRFRVYVYSVYPIKLGRTILFNS SV AKUYKI QTIPLLTCAFVNSYI1™Y
CAAL »
tRNA 1 64 ¢ possible truncated tRNA Phe. =
[ misc_feature 1 133562 ¢ The major Vi antigen pathogenicity island (SPI 7) 1=
CDS 142 1176 Weakly similar to the C-terminus of several polysaccharide biosynthesis proteins e.g. Str
CDS 1173 2537 Similar to Bacteriophage Pl Ban helicase TR:080281 (EMBL:AJG11592) (453 aa) fasta scores:
W nisc_feature 1803 1826 PSOG017 ATP/GTP-binding site motif & (P-loop)
CDS 2530 4329 no significant database hits
CcDS 4498 4803 Doubtful CDS
CDS 4931 5512 no significant database hits.
CDS 5597 6154 Weakly similar to Yersinia pestis orf 77 TR:Q92Z381 (EMBL:ALO31866) (193 aa) fasta scores:
CDS 6398 7742 no significant database hits
M misc_feature 7744 8180 Low G+C region containing repeat region with 10xTGGT(A/-) (T/C)AAAAA(A/G)T.
cDS 8328 olo7 no significant database hits. Contains a hydrophylic region in the N-terminus between resi
cDS 9218 11212 Previously sequenced Salmonella typhi topolsomerase B TopB TR:QSRHFS (EMBL:AFOGCCCL) (664
CDS 11880 12329 no significant database hits
CDS 12410 12628  doubtful CDS o o ‘ —
N Ad Preyin eaLence A plla z A A . L OB

(You will see that the colours of the features have now changed. This is because not all\
the qualifiers in the previous entry are accepted by the EMBL database, so some have
not been saved in this format. This includes the ‘/colour’ qualifier, so Artemis displays
the features with default colours.

When you download sequence files from EMBL and visualize them in Artemis you will
notice that they are displayed using default colours. You can customize your own
annotation files with the ‘/colour’ qualifier and chosen number (Appendix IX), to
differentiate features. To do this you can use the Feature Selector to select certain
features and annotate them all using the ‘Edit’, ‘Change Qualifiers of Selected’

\function. J
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Artemis Exercise

4

This exercise will introduce you to database searches and will give you a first insight in

the annotation of genes.

Return to the S. Typhi window. The gene you will work on is ApcC (STY1136). Go to
this gene by using one the different methods you have learned so far. You will now
analyse the reading frame of ApcC gene. To do this switch on the stop codons (also,

switch off the GC content graph if still displayed).

As you can see the gene is full with stop codons indicating that we are looking at a
pseudogene. To correct the annotation we are going to use database search. Follow now
the numbers in the figure below to start a database search. The search may take a couple

of minutes to run; a banner will pop up to tell you when its complete (3).

Select CDS

fy B = ¢ 1312 &

Entry Edit: S_ty, hi.dna
File Entries Sefect View Goto Edit Create |Run| Graph Display

Entry: [v]S typhi.\a (] S_typhi. tab NCBI Searches »‘ IZ
‘selecled feature: Meses 1466 amino acids 488 | Pfam Search /colour=11 /gene="hpcC"/qene="STY1136" /product="5-carbo 2
Rfam Search

Wy | oo i ein celomir] it St [N Rl

A v RCGAG G S cR* s R R |SCtsigcleave options

e Set jalview options

61 nel 2-hydroxymuconate semialdehy.
misc_feature 1100321 1160344 PS0E687 All Set thlastx options

CTGTCCGATGTGUI’GCCGGGGGATGWGTCGTTGAAGFAGAAGG 308 PUPEEG Cen [GAAGAAAAT AAATCATTGGATT AACGGCAARAAC cAGsrwmcmcrrccmAcc;xcmcccm:xcccmcncmcmc
500 99540 Set blastp options » | |1099600 1099620 [1099660 |1099680
GACAcecrncnccncoocccccmcrrCAACAccnncrrcnrcrrcc Set thlastn options ‘LTI'CFFFFATFFAGFAACC[AAHGCCWFFFGCMCGFCCAﬂOC[GATGAAG(?FCI'GGI'GnTI'GGGCOGC[OGCCACmCACGﬂCCI
SDSTTGPSSTTTSTSP|ohmoptions JLFYIMPNVYAFVNCTVYVYVELGSVRRGTIHDQ O
Q GI HHRPTIFNDNTFYFA S SFLDNS#RCFRIQLYRSSGSW+ GPSRHHAP
T RHPAPPHL QRS QL L L FSetsnartoptions FFIF®*QILP | LGAVPSTS A
Til] | set clustalx options >

26 in sigcleave (0) on selected features
L 1 A T | Run pepstats on selected features e I T e T N[ N
TR RN SRR IGHR) .ot N N TR I - Start blastp
[T hpcs | Fun thlastn on selected features against | uniprot_archaca =
Run hth on selected features |'uniprot_bacteria —
misc_feature : Run smart on selected features uniprot_eukaryota
Lese4eo 1099200 1100000 [1100800 | o1 clustalx (PROTEIN) on selected features uniprot_viruses 07200 1108000 1108800 ul%%s
Run jalview (PROTEIN) on selected features | uniprot_rest i
Il I | s rrn Run tblastx on selected features against | /lustre/scratchl0l/blastdb/Pathogen/Kineto_aa (Il | IIFMMNIINT | | |1 WC——]
Run blastn on selected features against » STYl148
([AN] I T T 1 T ayn plastx on selected features e D L B T T (R R AVA AN Hqsrv:unau TE0 T
W I LIl |Run fastx on selected festures T O N IR I A SR L T A T TR
Run clustalx on selected features
[« [ Run jalview on selected features I»]
Set fasta options P‘RK#IIGLTAKTLQVTTTSRPLTRRF’VMCW‘
CPMWCRGHM K L S L K + K Q

misc_feature 1106237 1106365  PS00041 Bacterial regulatory proteins, araC family signature
s 1166421 1167359  No significant database matches

DS 1168783 1109088 Orthologue of E. coli yceD (YCCD_ECOLI); Fasta hit to YCCD_ECOLI (101 aa), 74% identity
1109088 1110008 ¢ Fasta hit to DNAJ_ECOLT (375 aa), 35% identity in 353 aa overlap

[&]
nisc_feature 1109814 1109873 ¢ PS00636 Nt-dnal domain signature
DS

n

‘e

misc_feature 1100405 1100440  PS00070 Al set blastn options » 0K
W cos 1101063 1101614 Similar tq L, . , |-3-dioxygenase hpce ow:HeCE i 92.3% id in 250 aa
M C0s 1101024 1102304  Similar tg >°t blastx options onate delta-isomerase hpcD SW:HPCD_ECOLI (Q05354) fasta scores: E(): 0, 81,6% id in 125 ad=
W cos 1102448 1103251  Similar td Set fastx options acid hydratase hpcG SW:HPCG_ECOLI (P42270) fasta scores: E(): 0, 90.6% id in 267 aa =
W cos 1103262 1104053 Similar 1 set clustalx options dioic acid aldolase hpcH or hpai TR:Q47008 (EMBL:Z47799) fasta scores: E(): @, 87.8% id i

DS 1104125 1165501 Similar to-cocnerzorru ot putatare T yuronyprenywocovate permease hpaX TR:Q46984 (EMBL:Z37980) fasta scores: E{): 0, 87.3% id in 458 aa
W cos 1105511 1106407  Similar to Escherichia coli 4-hydroxyphenylacetate 3-monooxygenase operon regulatory protein HpaH TR:Q46985 (EMBL:Z37980) fasta scores: E():

in 161 aa overlap

1110244 1110606 Similar to Salmonella typhimurium suppressor for copper-sensitivity a ScsA TR:033017 (EMBL:U75049) fasta scores: E(}: 0, 99.2% id in 120 aa
DS 1110655 1112541 Similar to Salmonella typhimurium suppressor for copper-sensitivity B precursor ScsB TR:033018 (EMBL:U75049) fasta scores: E(): 0, 95.4% id in 62
DS 1112538 1113161 Similar to Salmonella typhimurium suppressor for copper-sensitivity C precursor ScsC TR:033919 (EMBL:U75049) fasta scores: E{): 0, 97.1% id in 20°

misc_feature 1112709 1112765 PS00194 Thioredoxin family active site
[l I

»

To view the search results click ‘View’, then ‘Search Results’, then ‘blastp
results’. The results will appear in a scrollable window. Scroll down to the first
sequence comparison and you should see the results as shown in the next figure.
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@ @ @ blastp results for hpcC from S_typhi.tab.seq.00012.out.gz

File
ALD1_ACISP QOFDSL Long-chain-aldehyde dehydrogenase (1.2.1.48) (... 32 7.5 —
IOLA1_BACHK Q6HJ19 Methylmalonate semialdehyde dehydrogenase [ac... 32 7.7
IOLAL_BACAN Q81QRS Methylmalonate semialdehyde dehydrogenase [ac... 32 7.7 =
IOLA_BACCl Q738L2 Methylmalonate semialdehyde dehydrogenase [acy... 32 7.8
IOLA1_BACNK A9VFO6 Methylmalonate semialdehyde dehydrogenase [ac... 32 9.9
>HPCC_ECOLX P42269 S-carboxymethyl-2-hydroxymuconate semialdehyde
dehydrogenase (CHMS dehydrogenase) (1.2.1.-)
Length = 468
Score = 199 bits (505), Expect = 4e-56, Method: Compositional matrix adjust.
(:)lll. 2;6311(3 Identities = 93/109 (85%), Positives = 99/109 (90%), Gaps = 2/109 (1%)
Query: 1 MKKINHNINGKNVAGNDYFQTTNPATGDVLAEVASGGEAEVNQAVAAAKEAFPKWANLPM 60
MKK+NHNINGKNVAGNDYF TTNPATG+VLA+VASGGEAE+NQAVA AKEAFPKWANLPM
Shjct: 1 MKKVNHNINGKNVAGNDYFLTTNPATGEVLADVASGGEAEINQAVATAKEAFPKNANLPM 60
[ Gene ln database Vouery: 61 KERARLMRRLGDLIDQHVPEIAAMETADTGLPIHQTKTCXSRAPRITSN 109
KERARLMRRLGDLIDQ+VPEI AAMET ADTGLPIHQTK PR+ N
Shjct: 61 KERARLMRRLGDLIDQNVPEIAAMETADTGLPIHQTKNV--LIPRASHN 107
-

Close

@n you see where the stop codon has been introduced into the sequence of our gene}
interest? A stop codon is commonly marked with a * symbol. However, based on our blastp
results it is marked as X. Search for the highlighted amino acid sequence in ApcC. Have a
look if you can find the subsequent amino acids of the database hit in any of the three
reading frames. You will see the sequence can be found in the second frame! The last
amino acid in common is a K then the amino acids start to differ. The amino acid K is
coded by AAA. The next base is an A, too. This little homopolymeric region can cause
trouble during DNA replication if the polymerase slips and introduces an additional ‘A’.
This shifts the proper reading frame into the second frame.

To correct the annotation we have to edit the CDS now. Left click on the right amino
acid on the second frame (this will be the first amino acid after K, have a look at the
blastp results when you are not sure) and drag till the end of the gene. Then click
‘Create’ ‘Feature from base range’ and ‘OK’. A new blue CDS feature will
appear on the appropriate frame line.

File Entries Select View Goto Edit |Oreate] Run Graph Display s . .
Entry: [v]S_typhi.dna [¥]S_typhi.tab | New Feature Z AS the orlglnal gene annotatlon
1177 selected bases on forvard strand: 1 Feature Fron Base Range ctri-c

::_HI\H Frrrme e G:";:":;::Z - el L T YT is too Iong We have to Shorten it

 E— H .
\\:IH:I ' Il‘\uu‘\lmllltillzclu:un:ujzurm—uﬂ"ﬁﬁ\x\ ™ %Nm‘ IHI\: Click on the O”glnal hpCC CDS,

I wark open Reading Franes 3 ‘ e ‘ g
T e i elected features in
8400 1609200 [1108000 [1200; Pty 200 [1104000 l1104800 [1105600 [1ios400 l1107200
Mark ORFs In Range
Mark From Pattern

T SRR TN N phpitesi R T T R A N R A R L | Editor’ . A window will pop up

{1y L L T I A T O AR}
1L [ [ BT A1) | [ R ] L e T O R W O T AN AT | and you Can Change the end
[« i »
CLFTRLKRADPARLGASLRILRRSVYPADERSG QDLSGH*RSNAGQLYAGASARERER] 4 2
A Y SPDs#[NVLTPRASHNEEFEAEVC M N G KT Y P VDD KMLNYTLVQEFEVG V- posllon In Ocalon In our

3 3
TGOCTATTCACCAGACT ANBACGT GCT GAT CCCGCGCGOCTCOCAT AACTTCGAAT T CTTCGCCGAAGT GTGCCAGCAGAT GAACGGCAAGACCT AT COGGT T GACGAT ARAAT GCT CAATT AT ACGCTGGT GCAGCCCGTCGOCGTC! . . .
) 1099880 1695900 1695920 1099930 1099960 1099980 1160000 Case thl S WI“ be determln ed b
(CGGAT! CTGATTTTGCACGACT! ATTGAAGCTTAAGAAGCGGCTT ACTTGCCGTTCTGGATAGGCCAACTGCTATTTTACGAGTTAATS
QRNVLSFRASGARRAYSRIRRRLTGASSRCSRDEP

QRYFA*NYAPAARRRR
A+ EGS+FTSIGRAECLEKSNEKASTHMWCIFPLVY+GTSSLISLS#VSTCGTPT

‘:.‘GI"WVLVHL)DRA‘MGRMVEFEEGFHALLHVALGIRNVIFHEIIRQHLGDAD% the position of the Iast Shared

1099596 1101061  Pseudogene. Similar to Escherichia coli 5- -2-hydroxynuconat dehydrogenase hpcC Si:Hi4 |
e |

misc_feature 1100321 1100344  PS00687 Aldehyde dehydrogenases glutamic acid active sit H H

misc_feature 1100405 1100440  PSO0070 Aldehyde dehydrogenases cysteine active site S| al I "no aCI
M cos 1101063 1101914 Similar to Escherichia coli 3,4-dihydroxyphenylacetate 2,3-dioxygenase hpcB SW:HPCB_ECOLT (Q05353) fasta score: L] -
M cos 1101924 1102304 Similar to Escherichia coli 5-carboxynethyl-2-hydroxynuconste delta-isomerase hpcD SW:HPCD_ECOLT (Q05354) fasti
M cos 1102448 1103251 Similar to Escherichia coli 2-oxo-hepta-3-ene-1,7-dioic acid hydratase hpcG SW:HPCG_ECOLT (P42270) fasta score:

< r‘r \;‘

Artemis Feature Edit: hpcC

Key: |CDS -
_ocation: [1099596..1099886

Add Qualifier: [note -

Complement | Grab Range | Remove Range | Goto Feature | TAT | ObjectEdit | User Qualifiers

/class="3.4.3" B
/eolour=11

/gene="hpcC"

/gene="STY1136"

/note="Pseudogene. Similar to Escherichia coli S-carboxymethyl-2-hydroxymuconate
semialdehyde dehydrogenase hpcC SW:HPCC_ECOLI (P42269) fasta scores: E(): 0, 96.2% id

in 366 aa. This (DS contains a frameshift after codon 97. The sequence has been

checked and is believed to be correct

/product="5-carboxynethyl-2-hydroxynuconate semialdehyde dehydrogenase (pseudogene)”
/pseudo =
/Llastn7f119:”%emhliother blastn/S_typhi. tab.seq.00002.out"
/blastx_file="%uniprot:blastx/s_typhi.tab.seq.00002. out"
/fasta_file="suniprot_bacteria:fasta/s_typhi.tab.seq.00002.out"
/fasta_file="%uniprot:fasta/S_typhi.tab.seq.00003.out"
/fasta_file="uniprot_bacteria:fasta/s_typhi.tab.seq.00004.out"
/blastp_file="uniprot:blastp/S_typhi.tab.seq.00005. out"
/blastp_file="uniprot_bacteria:blastp/s_typhi.tab.seq.00009.out"

0K Cancel Apply
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/T he new CDS feature can then be merged with the original gene as shown below (1-3). \

A small window will appear asking you whether you are sure you want to merge these
features. Another window will then ask you if you want to ‘delete old features’ . If you
click ‘yes’ the CDS features you have just merged will disappear leaving the single
merged CDS. If you select ‘no’ all of the three CDS features (the two CDSs you started

with plus the merged feature) will be retained.

/

Select both the original gene-model and the new CDS feature, which is
to be merged with it to form a new gene (to select more than one
feature you must hold the shift key down).

2 |Click ‘Edit’

Tr* LTSMCRKSRRWEKPFTPFACLFTRELEK®RAD®P AR L A # L RTI L RRS VYV P ADER QD

File EntrQes Seledt View Goto Edit‘(_:reate Run Graph Display
Entry: [v]9 typhi.dg [v]S_typhi.{ Undo ctrl-u
2 selected features Rotal bases 1
Selected Features in Editor Ctrl-E
e i 11 1Y || [Subsequence (and Features) [ 0t 1 RN
Find/Replace Qualifier Text ...
Y 1= e o) ] P VT | e — (0001
(0 I 1100 1] || || pselected Feature(s) BDuplicaic SEGEED [ DU I T
hpeC 0D Move Selected Features To »| Merge Ctri-M STY1] .
- Copy Selected Features To »| Unmerge -
nisc_feature N Unmerge ALl Segments misc_ SeIeCted
[1099200 [1100000 [1108 Trin Selected Features Ol 5en o oeler. 1590 [11064 .
Extend Selected Features » Delete SR Features
|| Fix Stop Codons BENCHD (3
| e Remove Introns [RALRIT ‘ ’
Automatically Create Gene Names T Merge
I 11 T | Rix gene Names JE (1 TR
1 1 [ (22 AR [ e e A U ARV AT [
Contig Reordering |
»
“ Header Of Default Entry J

P D

C* SRAPRTITGSNSGSPIKTCE AGSRZ*TAAR
CCTGATTGACCAGCATGTGCCGGARATCGCGGCGATGGAAACCGCCGACACCGGCCTGCCT ATTCACCAGACT ARARCGTGCTGATCCCGCGCGCCTCOCATAACTTCGARTTCTTCGCCGAAGTGTGCCAGCAGATGAACGGCARGH
|1099820 |1009840 |1000860 [1000880 [1600000 [1600020 [1600040
5GACT AACTGGTCGT ACACGGCCTTTAGCGCCGCTACCTTTGGCGGCTGTGGCCGGACGGAT AAGTGGTCTGATTTTGCACGACT AGGGCGCGCGGAGCGT ATTGAAGCT T AAGAAGCGGCTTCACACGGTCGTCTACTTGCCGTTCT
QONVLMHRFDRRHFGGVYGAOQRHNVYLSFRASGARRAYSRIRRRLTGASSRTCS
55 QGAHAPFRPSPFRRCRGASGA+ETGS+FT I GRAECLEKSHNE KA ASTHWEC FPL YV

W

G S 1
RISWCTGSIAAIHSVASVPRGI* ¥ L VHOQDRAGRMYEFEEGFHALLHLUVAL
< Il

Similar to Escherichia coli S-car «ymuconate semialdehyde dehydrogens:

misc_feature

PS00687 aldehyde dehydrogenases glutamic acid active site
misc_feature

1100405 1100440 PS00070 Aldehyde dehydrogenases cysteine active site

M cos 1101663 1101914 Similar to Escherichia coli 3,4-dihydroxyphenylacetate 2,3-dioxygenase hpcB SW:HPCB_ECOLI (Q05353) fasta score

M cos 1161924 1102304 Similar to Escherichia coli 5-carboxymethyl-2-hydroxymuconate delta-isomerase hpcD SW:HPCD_ECOLI {Q05354) fasti
2 o Cank. Lo .l A Lo +. =) 1A A laad Lo L LA 0L (=¥ Lalale 7o N RS +. ‘

LRl »

P

Artemis Entry Edit: S_typhi.dna
File Entries Select View Goto Edit Create Run Graph Display

resu It Entry: [v]S_typhi.dna [v]S_typhi.tab

Selected feature: bases 1461 amino acids 486 hpeC (/EC number="EC 1.2.1.-" /class="3.4.3" /colour=11 /gene="hpcC"/gene="STY1

| 1 1 1 s o T 1 I IHII‘A
hpaG
L T I 1 R 1 (R I h_>H‘
pcG
(LI 1 1T e T [N L ) e s Y | R N
hpeC hpeB hpeD hpel=!
misc_feature » ‘
0 |1096000 |1096800 |1097600 |1098400 |1090200 |1100000 [1100800 |1101600 (1102400 [1103
misc_feature |
1 T — i 0w e e (T A
hpaB hpeR \
FIIIIIHIHII U0 1T e e AN L A 1 I A ‘
aC
|f|| 1 I VT [ 1 I e | I
‘< Tl »
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Artemis Exercise 4 - Second part

4 )

In the first part of the exercise you have learned how to correct a gene annotation. But

what if you think a gene is missing?

Remember that there are loads of genomes that were submitted to the databases several

years ago and in general the annotation is not updated to take into account new data.
kSometimes it is worth checking regions which look strange to you. J

/Go to position 2,248,400 by using one the different methods you have learned so far. If\
you look carefully you will notice a region shown below which there is no predicted
gene. This type of non-coding region in Sal/monella is very unusual (this is also true for
other bacteria). To determine if this non-coding region is truly as published, load the
codon usage information for Salmonella into Artemis by following the figure below.

The file ‘S typhi.cod’ contains codon usage information taken from a public website

\(see below). /

1

Click Graph 2

Artemis Entry Edit: S_typhi.dna CIle ‘Add usage

File Entries Select View Goto Edit Create Run | Graf ‘ Display I t ] (j I t
Entry: [v]S_typhi.dna [v]S_typhi.tab Hide All Graphs p O S an Se eC
3 selected bases on forward strand: 2251246..2251248| Add Usage Plots ... ‘S 1 d’
Add User Plot ... _typhl'co
F0 R T [T N | |=6c content (%) I TR T e e
[0 GC Content (%) With A 2.5 SD Cutoff
M (LA A 1 bt R
R T T 1 1 T UL 24.4( 2445) UCU 12.1( 1212) UAU 18.6( 1864) UGU 6.5( 651)
[J Reverse GC Frame Plot 3 uuC 15.6( 1563) UCC 10.5( 1054) UAC 13.3( 1335) UGC 5.8(  585)
b DD [J Correlation Scores ] ﬂ:é gg: ggg EE: 1;‘;2 1:;;} ﬂ:é 3'2: 125% gg‘c\ 1;;2 1%32}
Non_COdlng 2248800 " re ;;:gggét [offae e Correlation Scores 500 2253680 2254400 CUU 16.1( 1614) CCU 10.5( 1055) CAU 11.4( 1143) CGU 14.3( 1426)
Q0 [0 GC Deviation (G-C)/(G+C) q cuC 11.2( 1120) CCC 6.8( 681) CAC 7.2( 725) CGC 11.7( 1170)
N CUA 6.6( 656) CCA 9.3( 930) CAA 13.8( 1381) CGA 6.7( 666)
1 repea| [J AT Deviation (A-T)/(A+T) eature RBS CUG 34.1( 3411) CCG 14.1( 1415) CAG 27.2( 2716) CGG 8.2( 822)
FOOE Wr %ﬁmm signature biffersnce T T e roo 2720 2729y ACh 160 2670y At 27.0( 2690) w100l 1319y
» AUC 20.4( 2037) ACC 20.1( 2012) AAC 22.7( 2266) AGC 16.4( 1639)
IOCE RO b1 r eI Jjother Graphs I VL L e A B T AUA 9.9( 9B8) ACA 14.4( 1445) AAA 35.4( 3546) AGA 6.0( 599)
insB mgla AUG 26.0( 2597) ACG 15.5( 1552) AAG 17.5( 1752) AGG 4.7( 472)
([ T I e T e e —| i GUU 20.3( 2033) GCU 17.7( 1770) GAU 33.9( 3394) GGU 19.5( 1349)
sl GUC 15.4( 1541) GCC 21.6( 2168) GAC 20.8( 1998) GGC 21.0( 2098)
q Ti] STYzdzs STI242 O GUA 12.8( 1281) GCA 21.0( 2105) GAA 34.8( 3481) GGA 12.6( 1259)
— GUG 19.4( 1941) GCG 19.3( 1931) GAG 20.8( 2080) GGG 13.6( 1359)
KFSKLKKVGSWIKTITITIASS T K R III T # I P PSFSQVKIKLFLFNA AL I~
L NS ANLIEKIKSGPGIKS®#SP A A K K PLSARSKSEFSCLTHS,I=
# I 0 QT # KSRVYLEMNNNMNRTGTI QH # K N D V N S A LFQPGQKAFLVY#RTH
TAAATTCAGCAAACTTAAAAAAGTCGGGTCCTGGAAAATAATAATCGCCAGCAGCACTAAAAGﬁE:gACGTﬁAATTCCGCCCTCTTTCAGCCAGGTCAAAAAGCTTTTCTTGTTTAACGCACTCA
51180 2251200 2251220 |z251240 [2251280 2251280 [2251300 COdOl’l usage table takel’l

ATTTAAGTCG GAAI TT | T ILAGCCCAGGALLI TTTATTAT IAGCGGI'CGTCGTGA CTTGCTGCATTTAAGGCGGGAGAAAGT CGGTCCAG CGAAAAGAACAAATTGCGT GAGT 4

N A L VvV Y T G G E KL WT S KK MNL A& S M .
FEAFKFFDPGPFYYDGAASFSRRLNRGREALDFLKEOK\’CE7 from-

# I * C vV FLRTRSFLLRWCTC+FFSTTFEARTK®*GP*FAKZRT# RV * .
a o] www.kazusa.or.jp/codon
misc_feature 2249341 2249376 PS00198 4Fe-4S ferredoxins, iron-sulfur binding region signature
repeat_unit 2249452 2249474 inverted repeat flanking IS1
repeat_unit 2249452 2250219 Is1
cDS 2249467 2249970 ¢ Similar to Escherichia coli insertion element IS1 protein InsB insB SW:INSB_ECOLI (PO383
cDS 2249889 2250164 ¢ Fasta hit to ISA2 ECOLI (91 aa), 90% identity in 91 aa overlap
misc_feature 2250096 2250119 ¢ PSGOG17 ATP/GTP-binding site motif & (P-loop)
repeat_unit 2250197 2250219 ¢ inverted repeat flanking IS1
2250297 2251307 ¢ Similar to Salmonella typhimurium LT2 galactoside transport system permease protein mgl
CDS 2251323 2252841 ¢ Similar to Escherichia coli galactoside transport ATP-binding protein Mgla mgla SW:MGLA |
misc_feature 2251581 2251625 ¢ PS00211 ABC transporters family signature
misc_feature 2252683 2252706 ¢ PSGEO017 ATP/GTP-binding site motif & (P-loop)
W cDS 2252975 2253973 ¢ Similar to Salmonella typhimurium D-galactose-binding periplasmic protein precursor mglE
RBS 2253979 2253982 ¢ possible RBS
CDS 2254472 2255494 ¢ Fasta hit to ASCG_ECOLI (336 aa), 37% identity in 334 aa overlap
misc_feature 2255429 2255485 ¢ PS00356 Bacterial regulatory proteins, lacI family signature

Kl

>

[T

[ ]
a
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When you first load the codon table into Artemis the graphs calculated for both upper
and lower strands will be displayed (not shown). To remove one of these from the view
click on the Graph menu and uncheck the box alongside the option ‘Reverse Codon
Usage Scores from S_typhi.cod’.

[ Codon usage plot]

[cbding bubbles]

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v]S_typhi.dna [v]S_typhi.tab
3 selected bases on forward strand: 2251246..2251248

Try the slider
.| tosmooth the

Codon Usage Scores from S typhi.cod Window size: 120 ] D o 3 — z
113
{b J lg\
f
H (
’ \‘ nu W \‘ M
M \\ J H\
\E | (\M{‘\ " W l\ : M H* \ ‘* \ ’\‘
| ‘) \ﬂ ‘1 W . I n ‘ u\ | ,,\ (Y] ‘[A
\Anﬁﬁ b ““,' 4\“‘“’]% t‘”\‘m‘ 1 \ \‘J ' ‘“ :I‘\ ‘W\}
AP \ ‘ ‘ | LAl
A LW W 14‘ M‘ V I
i \f
“ 0.88
IR TIVANI] 8 T T 1 U
1L 1 1t 0 | (A A O [ A
T 1 I LI 1 1
416 =|
b pE——— | o
RBS n repeat_unit
|2247200 |2248000 |2248800 22496004]4] |2250400 |2251200 |2252608 |2252800 |225362IO |2254400
1 repeat_unit nisc_feature misc_feature RBS
[ NN LI i —— BT A
STY2420 Y2421
L T Y AN e A A IH:IIIII [ U T ‘IIIII 1 1 B T
mgla
([ (1L R IRIATE I]IIHIHHI (N ] T wonm 11 | I 1]
STY2424 STY2425

graph

< [ ]

KFSKLKEKVYVGSWEKTITITIASSTEKR[IT #IPPSFSQVYKEKLFLFHN® LI
LNSAMNLEKEKSGPGKS#SPAALEKERREKFRPLSARSEKSFSCLTHSES
# 1 Q QT # KSRVLEHNNNERG GO GHGS$KNDVNSALFOQPG QKA AFLYG#RTH
TAAATTCAGCARACTT AAAAAAGT CGGGTCCTGGAARAT AAT ARTCGCCAGCAGCACT AAAAGAACAACGT ARATTCCGCCCTCTTTCAGCCAGGTCARARAGCTTTTCTTGTTTAACGCACTCA
51180 [22512008 |2251220 2251240 [2251260 |2251280 |2251300
ATTTAAGTCGTTTGAATTTTTTCAGCCCAGGACCTTTTATTATT AGCGGTCGTCGTGATTTTCTTGCTGCATT |ﬂAGGCGGGAGAAAGTCGGTCCAG‘I'I'I'I'I‘CGAAAAGAACAAA‘I‘I‘GCGTGAGT

L N L LSLFTPDUOQFTITITIALLWVLLWVWVYTIGGEIEKTILWTILFSEKIEKIHNLASHM
FEAFKFFDPGPFYYDGAASFSRRLNRGREALDFLKEOKVCE

v| =«

-

#I*CVJ:FLRTRSFLLRWCC+]_F]FSTFEARK*GP*FAKRT#RV*
1| il

A S—" AAAAAAT AR ARATA AR AR AT~ AT Linmmm s n T K e A e min s

i ’|

»

Gased on the codon usage table Artemis calculates for each triplet in succession a score\

based on how well it matches the commonly used codons in that organism. The three
lines shown above represent the scores for each reading frame. If the codons for a
particular frame match those of the calculated codon usage table a high score is given.
Practically speaking this manifests itself as a ‘coding bubble’ where a gap opens up in
the plot indicating that this region is likely to be coding (see above). The plot suggests
that this empty region actually encodes a product. So now we have to create the open
reading frame (ORF), blast the amino acid sequence and add the annotation. Follow the

\instruction on the next page to do this.

/
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1

Edit

File Entries Select View Goto Create| Run

Graph _Display
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Feature Fro
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Selected feature: bases 1095 amino acids 364 | Pfam Search e
Codon Usage Scores from S typhi.cod Window size: § Rfam Search lom 2 e 3| 4
[N Run fasta on selected features against » 1-06‘
/ RVAWN Run sigcleave (0) on selected features
Run pepstats on selected features St rt bI t
Run blastp on selected features against 3| uniprot a as p
Run tblastn on selected features against  »| uniprot_archaea
Run hth on selected features uniprot_bacteria
Run smart on selected features uniprot_eukaryota 094’
Run clustalx (PROTEIN) on selected features | uniprot_viruses -
Run jalview (PROTEIN) on selected features |uniprot_rest
T | | Il Il | Run tblastx on selected features against b /lustre/scratch10l/blastdb/Pathogen/kineto_aa | |l | [1 11 | [ 111
€G0S Run blastn on selected features against »
FERIE W P e e F M gy plasts on selected features against  »| I 1FTETHEEET 1] [ e e R A A R IIIHII%
DU IITEIW I RN | | Run fastx on selected features 1 T [ A A A 1 [
16 Run clustalx on selected features
Run jalview on selected features |
RBS 1 repeat_unit RBS
47200 2248000 2248800 2249600 Set fasta options 4] |2253800 |2254400 2255200 [22s6000 ngseaoo |2257600
Q| set sigcleave options | q ] a4
» 1 - ture RBS nisc_feature S nisc_ft RES 2 e
(AL LT 1 Elp ; R AR TN 4:” (BRI
STy242( Set blastp options STV 2427
W Hwene e 1 e HE=I11 | set tblastn options L1V 1 11 s N T AT 1TV T
insE Set hth options STY2426
(11} T TEE AEEIE R 1 set spart options W_\ HIlIINFII [ T R
0 Set clustalx options i
R Set jalview options
DTG GGIVFKTIGFL Sail I Cpiieng PVLL WSKLLSIRW RI PFDG
Set blastn options R F

3360

I P A
GATACCGGCTGGGGCGGGAT .( AAAACCATTG ATT(

433
CI'ATGGCCGACCCCGCCCI'AGCAA.M)\ GGTAACCAAAAAATAAC

Set blastx options
Set fastx options

K # FWQHN
SVF’OPPITK
N

Set clustalx options

REVNQGGSSLL

P K
FDRWTIKVYVYQRF IG6T
Y R

Y oW Q
» ICG A'I'I'(I':'I'I'fCAAAﬂACATGGAGCAAA'I'[GCTGAGCﬂTCCGCI'GGAAGAGAATCTGGCCGCCMTCGACGGCT

iGCCAAAATAm#AG GI'ACCI'CG AACGACFCGI'AGGCGAOC CTCITAGACCGGCGGI'AACCI'GCCGA

RAA
Q GG NS P +
VoA

M R R S

R W E

I GAPAPD K F GN
il

blastp process completed

OK

To view the search results click ‘View’, then ‘Search Results’
results’ . The results will appear in a scrollable window. You see that the product of
the gene is “NAD-dependent dihydropyrimidine dehydrogenase subunit PreA). To
add the product to the annotation follow the instruction in the next page.

then ‘blastp
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1
Click on ORF

15:38 {l

@ =

Entry Edit: S_typhi.dna
File Entries Select View Goto |Edit| Create Run Graph Display

Entry: [v]S typhi.dna [¥]S_typhi.{ Undo trl-uU
Selected feature: hbases 1005 anmi "J 110 255 /note="W\e" /blastp file="uniprot bacteria:blastp/ORFS 100+.seq.0
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2

‘Edit’, ‘Selected
features in editor’

3

Artemis Feature Edit: CDS

Add Qualifier: [product
Location: [2248351..2249445 A |

Complement | Grab Range | Remove Range | Goto Feature‘ Select FeaNy‘ TAT | ObjectEdit

Key:

/note="none"
/score=62

Select ‘product’
from dropdown
list

/colour=100 100 255
/blastp_file="uniprot_bacteria:blastp/ORFS_100+.seq.00001.out"
/product="NAD-dependent dihydropyrimidine dehydrogenase fubunit Prea"

4

Click ‘Add
qualifier’

o] [ona] [my]

5

Add result from
blastp search

The annotation of the ORF is now complete. You can add as much information as you want.
Have a look at the other qualifiers if some time is left. The last thing you have to do is copy the
annotated feature to S_typhi.tab. To do that select the feature and go to ‘Edit’, ‘Copy selected

features to’ and click ‘S_typhi.tab’. Don’t forget to save the tab file.
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Module 2
Comparative Genomics

Introduction

The Artemis Comparison Tool (ACT), also written by Kim Rutherford, was designed to extract the
additional information that can only be gained by comparing the growing number of sequences from
closely related organisms (Carver et al. 2005). ACT is based on Artemis, and so you will already be
familiar with many of its core functions, and is essentially composed of three layers or windows. The
top and bottom layers are mini Artemis windows (with their inherited functionality), showing the
linear representations of the DNA sequences with their associated features. The middle window
shows red and blue blocks, which span this middle layer and link conserved regions within the two
sequences, in the forward and reverse orientation respectively. Consequently, if you were comparing
two identical sequences in the same orientation you would see a solid red block extending over the
length of the two sequences in this middle layer. If one of the sequences was reversed, and therefore
present in the opposite orientation, there would be a blue ‘hour glass’ shape linking the two
sequences. Unique regions in either of the sequences, such as insertions or deletions, would show up
as breaks (white spaces) between the solid red or blue blocks.

In order to use ACT to investigate your own sequences of interest you will have to generate your
own pairwise comparison files. Data used to draw the red or blue blocks that link conserved regions
1s generated by running pairwise BLASTN or TBLASTX comparisons of the sequences. ACT is
written so that it will read the output of several different comparison file formats; these are outlined
in Appendix III. Two of the formats can be generated using BLAST software freely downloadable
from the NCBI, which can be loaded and run on a PC or Mac. Appendix V shows you how to
generate comparison files from BLAST. Whilst having a local copy BLAST to generate ACT
comparison files can be very useful, it means that you are tied to a particular computer. Another way
of generating comparison files for ACT is to use the WebACT web resource (see page 16 of this
module). This site allows you to cut and paste or upload your own sequences, and generate ACT
readable BLASTN or TBLASTX comparison files.

Aims

The aim of this Module is for you to become familiar with the basic functions of ACT by using a
series of worked examples. Some of these examples will touch on exercises that were used in
previous Modules, this is intentional. Hopefully, as well as introducing you to the basics of ACT, this
Module will also show you how ACT can be used for not only looking at genome evolution but also
to back up, or question, gene models and so on. In this module you will also use a web resource,
WebACT, to generate your own comparison files and view them in ACT.
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1. Starting up the ACT software

Double click the ACT icon on the desktop. A small start up window will appear.

The files you will need for this exercise are: S typhi.dna.gz
S typhi.dna_vs EcKI2.dna.crunch.gz
EcKI12.dna.gz

Artemis

A

ACT

Artemis [Running]

& t ¢) 1436 2 M

You can also start
ACT from the
terminal window by

typing ‘act’

ACT Release 12.0.0

open ...

‘File’

Quit

N =

File| options Windows
Open SSH File Manager ..

pathogen genomics group

ctrl-0

Artenis Comparison Tool
Release 12.0.0
1. Standard

Copyright 1998 - 2013

Use the File manager to drag
and drop files or see 4

SUOP D GBllefre

Comparison files end
with ‘.crunch.gz’

ACT Release 10.2.3

Artemis

Artemis [Running]

- 1y ) 2152 2 %

Name [ size |

Modified

57590 Jan 29
1583095 Jan 29
4094 Jan 29
90745 Jan 29
203103 Jan 29

Leish_vs_Thrucei
Pfal_chrl3.embl

Pknowlesi_contig
Pknowlesi_contig
Plasmodium_comp.

S_typhi.cod 1139 Jan 29
S_typhi.dna 4889209 Jan 29
S_typhi.dna_vs_E 5455995 Jan 29
S_typhi.tab 4208217 Jan 29

Thbrucei.dna 247632 Jan 29
Thrucei.embl

laterally.tab

9 [JModule_2 Comparativ Nov 10 21:27 ...
.DS_Store 6148 Nov 10 21:27 ...
EcK12.dna 4716553 Jan 29 08:40 ...
EcK12.embl 11537648 Jan 29 08:40
EcK12.tab 5110079 Jan 29 08:40
Leish.dna 475731 Jan 29 08:40
Leish.embl 1124628 Jan 29 08:40

08:40
08:40
08:40
08:40
08:40
08:40
08:40

08:40f ..

08;

ogffao ...

4,5&6

Click and select
appropriate files

Sequence file 1 arative_Genomics/S_typhi.dnal choose ...
!

Conparison file 1 [yphi.dna_vs EcK12.dna.crunch] choose ...
!

[nparative_Genomics/EcKi2.dna] choose ...

Sequence file 2

more files ...

t 1998 - 2011

Artemis Files

For comparing
more than two
sequences

Click ‘Apply]
and wait

QLOPRAD BGRILefte
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2. The basics of ACT

You should now have a window like this so let’s see what is there.

ACT: S_typhi.dna.gz vs EcK12.dna.gz
1 {Eile Entries Select View Goto Edit Create Run Graph Display

‘];fll;_lli" I‘ |I ' I| IIIIIIIIWIII I||I IIMI| : I\l |"| || Hllllll\ MI]"“ |||||I|:III || I| fll I|||| I“||I ”||||I“||I” II:llllII b I||| ||||III IIll‘lnll‘:lllllll IIHHHIII Illlll\llI IIIHIII| |II |"I"|,||“| IIIII||||| Ji

2 < [E) [1600 |2a00 |3200 |avoe [EEL |s600 |s400 [7200

|I I I||| ||| III HIIIII || || | "JIH |\'||” I I |I|||| I| |||||“| I|IM|"|II ||||\ III ”hl \II" IIIIII‘ I Illl |IHHII |

Save Comparison File...
View Selected Matches
Flip Subject Sequence
Flip Query Sequence
3 < Set Score Cutoffs ...

Set Percent ID Cutoffs ...
M Lock Sequences

I3 Colour reverse & forward matches the same
Colour matches...
Colour reverse matches...

[0 offer To RevComp
I3 Ignore Self Matches

,MI”F ‘Hllll II|I IIIMHI"l I‘“\Illll [II’|| IAIIII Illlllll M 1 hll Il |I| L(AAL “l I ||IIII\|IIhIII| llllllll II|I|”||||]II,|II \I ||I| “ ,II \Ill

4 < [E) [1600 |2a00 |3200 |acee [EEL |s600 |sa00 [7200

Jw | Hll IHWIIIlIIIN]Il:llllI Il| |||WI|"||I|IIII|"\I| Hllllll\ |I|I IIlllm| IIIII|||| [ |||I IlII ||||||H|"|II "”"|f“'m'|'|”\'|"'|ﬂ|'| ||M“||,|||||"“ |I\I ||IIII I\I ! ||| I

[«

[T

v |4

1. Drop-down menus. These are mostly the same as in Artemis. The major difference
you’ll find is that after clicking on a menu header you will then need to select a
DNA sequence before going to the full drop-down menu.

2. This is the Sequence view panel for ‘Sequence file 1° (Subject Sequence) you
selected earlier. It’s a slightly compressed version of the Artemis main view panel.
The panel retains the sliders for scrolling along the genome and for zooming in and
out.

3. The Comparison View. This panel displays the regions of similarity between two
sequences. Red blocks link similar regions of DNA with the intensity of red colour
directly proportional to the level of similarity. Double clicking on a red block will
centralise it. Blue blocks link regions that are inverted with respect to each other.

4. Artemis-style Sequence View panel for ‘Sequence file 2 (Query Sequence).

Right button click in the Comparison View panel brings up this important ACT-

specific menu which we will use later.

9]
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1
File Entries Select View Goto Edit Create Run Graph Display
. [m)
nght button F I ’IIIII FINE T FWETTE T Tey temr \III\I N ‘IIIIIHII [l Illlm |I|I|IHI
IH fl Jll [ ||| I
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Raise Selected Features
Lower Selected Features
Zoom to Selection
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Select Visible Features
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AT AT IR NN

Entries
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View
Goto
Edit
Create
Write
Run
[0 Start Codons
¥ Stop Codons
¥ Feature Arrows

¥ Feature Borders

[0 Feature Labels

[J One Line Per Entry

¥ Forward Frame Lines

¥ Reverse Frame Lines

[J ALl Features On Frame Lines
I3 Show Source Features

3 Flip Display

[J Colourise Bases

2

De-select
stop codons
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3. Exercise 1

/ Introduction & Aims \

In this first exercise we are going to explore the basic features of ACT. Using the ACT
session you have just opened we firstly are going to zoom outwards until we can see the
entire S. Typhi chromosome compared against the E. coli K12 chromosome. As for the
Artemis exercises we should turn off the stop codons to clear the view and speed up the
process of zooming out.

The only difference between ACT and Artemis when applying changes to the sequence
views is that in ACT you must click the right mouse button over the specific sequence
that you wish to change, as shown above.

Now turn the stop codons off in the other sequence too. Your ACT window should look
\something like the one below: /

FEile Entries Select View Goto Edit Create Run Graph Display

[«TT
[Ee) l1600 |2400 [3200 4000 l4se0 |ss00 6400 [7200 \

W™D+

Use the vertical sliders to
zoom out. Drag or click the
slider downwards from one
of the genomes. The other
genome will stay in synch.

|seo l1600 |2400 |3200 |4000 |4200 |s600 |s400 |7200

g
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File Entries Select View Goto Edit Create Run Graph Display
|« I |

D>

|524900 l1eagse0  [1574700  [2099600  |26249

|524000 |1p40s00  [1574700  [2009600  |2624%

[« Il

4 )
Once zoomed out, your ACT window should look similar to the one shown above. If the
genomes in view fall out of view to the right of the screen, use the horizontal sliders to scroll the
image and bring the whole sequence into view, as shown below. You may have to play around
with the level of zoom to get the whole genomes shown in the same screen as shown below.

N\ J

File Entries Select View Goto Edit Create Run Graph Display
[l I 1 ]

D2

|524900 lioaos00  [1574700  [2009600 2624500  [3149400  [3674300  [4190200  [4724100

> L [T

—

LOCKED

DK

|524900 lipaos00  [1574700  [2099600 2624500  [3149400  [3674300  |4199200

Il

v [l
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Notice that when you scroll along with either slider both genomes move together. This is
because they are ‘locked’ together. Right click over the middle comparison view panel. A
small menu will appear, select Unlock sequences and then scroll one of the horizontal sliders.
Notice that ‘LOCKED’ has disappeared from the comparison view panel and the genomes
will now move independently

LOCKED

™~

File Entries Select View Goto Edit Create Run Graph Display

[« | i

|524900 l1eaosee  [1574700  [2009600

Save Comparison File...

|2624500

View Selected Matches
Flip Subject Sequence
Flip Query Sequence

Set Score Cutoffs ...

Set Percent ID Cutoffs ...

¥ Lock Sequences

[0 Colour reverse & forward matches the same

Colour matches. ..
Colour reverse matches...

W [0 offer To RevComp
(W T Ignore Self Matches

LOCKED

|524900 1040880  [1574700  [2009600

|2624500

|3149400

|3149400

|3674300

|3674300

I~

la100200 4724100

-

[T » L« T

DK

|4199200

= [« [T

You can optimise your image by either removing ‘low scoring’ (or percentage ID) hits
from view, as shown below 1-3 or by using the slider on the the comparison view panel
(4). The slider allows you to filter the regions of similarity based on the length of
sequence over which the similarity occurs, sometimes described as the “footprint”.

Right button click
in the Comparison
View panel

2
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File Entries Select View Goto Edit Create Run Graph Display
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4. Things to try out in ACT \

Load into the top sequence (S. typhi) a “.tab’ file called ‘laterally.tab.gz’ . You will
need to use the ‘File’ menu and select the correct genome sequence
(“S.typhi.dna.gz’ ) before you can read in an entry. If you are zoomed out and
looking at the whole of both genomes you should see the above. The small white
boxes are the regions of atypical DNA covering regions that we looked at in the first
Artemis exercise. It is apparent that there is a backbone sequence shared with E. coli

K12, plus chunks of S. Typhi specific DNA, which appear to be insertions relative to
E. coli K12.

5. More things to try out in ACT

Double click red boxes to centralise them.

Zoom right in to view the base pairs and amino acids of each sequence.

Load annotation files into the sequence view panels.

Use some of the other Artemis features e.g., graphs etc.

Find an inversion in one genome relative to the other then flip one of the sequences./

Once you have finished this exercise remember to close this ACT
session down completely before starting the next exercise

-
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Exercise 2

P. falciparum and P. knowlesi: Genome Comparison

Introduction

The annotation and analysis of the whole genome of P. falciparum 3D7 has been
completed and genome sequences of several other malaria parasites are also available.
This allows us to perform comparative analysis of the genomes of malaria parasites
and understand the basic biology of their parasitism, based on the similarities /
dissimilarities between the parasites at DNA / protein level.

Aim

You will be looking at the comparison between a genomic DNA fragment of the
primate malaria P. knowlesi and the previously annotated chromosome 13 of P.
falciparum. By comparing the two genomic sequences you will be able to study the
degree of conservation of gene order (i.e., synteny) and identify genes in P. knowlesi
genome. As part of the exercise you will also identify an unique region between the
two genomic fragments and finally modify the gene model of a multi-exon gene in P.
knowlesi, using ACT.

The files that you are going to need are:
Pfal chrl3.embl.gz - P. falciparum annotation file with sequence
Pknowlesi_contig.seq.gz - P. knowlesi DNA file (without annotation)
Pknowlesi contig.embl.gz - P. knowlesi annotation file
Plasmodium_comp.crunch.gz- TBLASTX comparison file

File Entries Select View Goto Edit Create Run Graph Display

— il EEor] ||| B B
[he=rcch 1IN R N RO K|||\H L mm NN 1 1 =111 > A (| m .
RN EEcs. ii L L1 I P falczparum
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L i AN g T T e

1 ™\

TBLASTX
comparison

LOCKED,

iy WM%::.‘HWMM” ' w1130 T o .(:. A .

lssea [13000 |ros00 |26000 |32s00 |z0080 |4sse0 |52080 [ses00 lsseee [71500 |72000 |zasee P k no Wl es l

1A S A I ool cOntic

Comparison of P. knowlesi contig and the annotated chromosome 13 fragment of P. falciparum
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Exercise 2 Part 1
Conservation of gene order (synteny)

. In the ACT start up window load up the files Pfal chr13.embl.gz,
Pknowlesi_contig.seq.gz and the comparison file Plasmodium comp.crunch.gz.
Add the annotation file ‘Pknowlesi_contig.embl.gz’ to the
Pknowlesi_contig.seq.gz sequence.

. Use the slider on either sequence view panel to obtain a global view of the
sequence comparison. Also use the slider on the comparison view panel to remove
the ‘shorter’ similarity hits. What effects does this have?

. Can you see conserved gene order between the two species?

. Can you see any region where similarity is broken up? Zoom in and look at some
of the genes encoded within this unique region in file: Pfal chrl3.embl.gz (top
sequence)

. Example location: Pfal chrl3.embl.gz, 815823..829969

. What are the predicted products of the genes assigned to this unique location?

View the details by clicking on the feature, and then select ‘Edit selected feature’
from the ‘Edit’ menu after selecting the appropriate CDS feature.

. Can you identify genes in conserved regions that have not been annotated in the P,
knowlesi contig, but are present in the P. falciparum chromosome 13? This will
allow you to see any potential protein coding regions.

. Any thoughts about the possible biological relevance of the comparison?
File Entries Select View Goto Edit Create Run Graph Display
4 »
& [ BEH) | -
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LOCKED
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Exercise 2 Part 11

Prediction of gene models:
There are several computer algorithms, covered earlier in the course, that
predict gene models, based on training the algorithm with previously known
gene sets with previously known experimentally verified exon-intron
structures (in eukaryotes). However, no single programme can predict the gene
structure with 100% accuracy and one needs to curate / refine the gene models,
generated by automated predictions. We have generated automated gene
models for the P. knowlesi contig, using PHAT (Pretty Handy Annotation Tool,
a gene finding algorithm, see in Mol. Biochem. Parasitol. 2001
Dec;118(2):167-74) and the automated annotations are saved in
Pknowlesi_contig.embl.gz.

. Zoom into the P. falciparum gene labelled PFM1010w shown below. Can you
compare the 2 gene models and identify the conserved exon(s) between the 2
species?

. Use the slider on the comparison view panel to include some ‘shorter’

similarity hits. Can you now identify all the conserved exons of the
PFM1010w orthologue in the P. knowlesi contig? (For the time being,
disregard the misc_feature for ‘Phat4’, coloured in red in the
‘Pknowlesi_contig.embl.gz’ file )

. Open the ‘GC Content ( %)’ window from ‘graph’ menu for both the entries.
Can you relate the exon-intron boundaries to GC-content for the P. falciparum
gene labelled PFM1010w? Is it also applicable to the gene model ‘Phat4’ in
the P. knowlesi contig?

. Example regions:

Pfal_chr13.embl.gz, 789034..793351
Pknowlesi_contig.embl.gz, 15618..20618

File Entries Select View Goto Edit Create Run Graph Display
GC Content (%) Window size: 120

“’\”l‘h wl\ll|lwlw:||||:"|II«EI\l\‘l IHl/ T‘I‘LII:I'IH‘IM:T HI | lH [L[{NRI} II\I ﬂ MM‘ lllil:F"'{Hlm ‘[IIMII ? I"‘vw‘\l\l l‘III\IIW‘InJ‘ ‘""hl lI: MFI‘I”H ‘vlf”\ Il P falcipal’um
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Pfal chrl3.embl.gz

| L PR

”{IH( flll \I'IH \||"|"|II/I|I Hlllfl\ Illllhl\J \NH"II l \JHIFHIIVIII‘” II ‘lllﬁ‘III |I|J IIII I| "M Il‘|| \\\\v\\\\v\#\ﬂ I Nll" HIA\III |” =

”VH \\\ Ilyll ll‘llllklli‘l:l\hllm‘lll |" Im IHlIIHII I’I’lellllw\l II|| \I\INH I N ‘H]IIlH “II! I EM | ! I‘:lﬂ I#Illw h—-ll:l ‘ ‘ﬁlll | WMMI“’:HI w ’ ! f"‘,m » "II:

| I\ .
|1l | L 1 [} .
20 |14400 |15200 16000 16800 'E;e@' \.’\M\%s\z};."goo\oo- |20800 [21600 [224 f))ki’/(l)?;‘l}ieSfl co ntl g e mbl gZ
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Comparison between orthologous genes in P. falciparum and P. knowlesi
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Exercise 2 Part II1 (OPTIONAL)

Gene models for multi-exon genes in P. falciparum:

. Use ‘File’ menu to select entry ‘Pfal chrl3.embl.gz’ and select ‘Edit In
Artemis’ to bring up an Artemis window.

. In Artemis window, use ‘Graph’ menu and switch ‘on’ the ‘GC Content (%)’
window.

. Use ‘Goto’ menu to select ‘Navigator’ window and within the Navigator

window, select ‘Goto Feature With This Qualifier Value and type ‘PFM1010w’,
click then close the dialogue box.

. Go through the annotated gene model for ‘PFM1010w’ and have a look at the
the exon-intron boundaries and compare with the splice site sequences from P,
falciparum given in Appendix XI.

. Also have a glance through a few other gene models for multi-exon genes and
have a look at the intron sequences as well. Can you find any common pattern in
the putative intron sequences? Hint — look at the complexity of the sequence

. You can delete exon(s) of any gene by selecting the exon(s) and then choosing

‘Delete Selected Exons’ from ‘Edit menu. Similarly, you can add an exon to a
particular gene by co-selecting the exon and the gene (CDS features) followed by
selecting ‘Merge Selected Features’ from the ‘Edit menu.

. Example regions:
Pfal_chr13.embl.gz, 789034..793351, 657638..660023, 672361..673753

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v|Pfal_chrl3.embl

Nothing selected
GC Content {%) Window size: 120 g
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AAABATARAGAGCTAACT AGTTTTACGAAATCGCGAAGGTTAT ARACAAAT AT AT AAGAGT ACT T AAAGAAAGGT ARAAT ATT AAAAAT AT AT ARATATTTTACCTTCTTTTTTCCTCARRATT TAACGTCAATTI
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4 »
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M CDS 48779 49965 Ad
4 »

Example location: 789034..793351, in Pfal chrl13.embl.gz
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Exercise 2 Part IV (OPTIONAL)

Curation of gene models in P. knowlesi:
We are now going to edit the gene model for P. knowlesi.

*Use ‘File’ menu from the ACT displaying P. falciparum and P. knowlesi to select entry
‘Pknowlesi_contig.embl.gz’ and select ‘Edit In Artemis’ to bring up an Artemis
window.

*Within the Artemis window, use ‘Graph’ menu and switch ‘on’ the ‘GC Content (%)’
window.

*Use ‘Goto’ menu to select ‘Navigator’ window and within the Navigator window,
select ‘Goto Feature With This Qualifier Value’ and type ‘Phat4’ .

*Go to the first ACT window (first small window that appears when starting up ACT),
and use the ‘Options’ menu to select ‘Enable Direct Editing’

*Go through the gene model of ‘Phat4’ and have a glance through the exon-intron
boundaries. Can you suggest any alternative gene model, after consulting the Table
provided in Appendix XI, containing several examples of experimentally verified
splice site sequences for P. falciparum?

*Example modifications:

Have a look at the ‘misc_feature’, coloured in red (location: 15618..20618).

Can you spot any difference in the red gene model of ‘Phat4’ at the exon-intron
boundaries? Select the red feature, click on ‘Edit menu and select ‘Edit
Selected Features’ and in the new window that pops out, change the ‘Key’ from
misc_feature to ‘CDS’ and click on ‘OK’ button to close the window. Now you
can compare the automatically created blue gene model and the curated red gen
models at protein level and predict any alternative splicing pattern.

File Entries Select View Goto Edit Create Run Graph Display
Entry: [v|Pknowlesi_contig.seq [v]Pknowlesi_contig.embl
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GC Content (%) Window size: 120 =
54.1¢]

Automated gene
prediction for

ii:\ I 1 1 o o 11 oy AN N ] hyp()thetlcal gene

h
O AT o Crref cmemr Patﬁl\l\l e ‘Phat4’
Frammr IPh = i [ 1 e 1 T T
3
' e

|19200 |20000 |20800 |21600 |22400 / \
Can you suggest

Phatd_alternative
4400 [15200 Tasoce |16800 [17600

1 1 O (T U I 0 e A T LA N T I

I rm L 1 A AR T U any altemative
L A 11 N [ I TN 1 TR AR A o o
. splicing pattern

S HI*Twe#IYTICTMWSVV#NEVKSLFNSTI®*RS+KTCNTLTCLEKT GLFGTFHN

LIYEHKFTFVHOGYLCKMEKH=*RYCLTPFEGRNYTPFWVS®#SNTCSVL I SuCh as the gene

.S YMMNTINLHLTYMETCTCVYK®* SEEFUV#LHLIEKVYEMSHPLTFZ KA ATIVRTF#

TCTCATATATGAACATAAATTTACATTTGTACATGGAGTGTTGTGTAAAATGAAGTGAAGAGTTTGTTTAACTCCATTTGAAGGT AGAAATGT AACACCCTTTGTTTAAAGCAATTGTTCGGTTTT, AATA'I Stl’ucture Shown
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AGAGTATATACTTGT ATTTAAATGT ARACATGT ACCTCACAACACATTTTACTTCACTTCTCAAACARATTGAGGT AACTTCCATCTTT ACATT GTGGGARACARATTTCGTTAACAAGCCARAATTAT 9
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CDS 8441 11155 ¢
cDs 15618 20618 4

4 »

Example location: 15618..20618, in Pknowlesi_contig.embl.gz
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Exercise 3

Introduction
Having familiarised yourselves with the basics of ACT, we are now going to use it to look
at a region of synteny between 7. brucei and Leishmania.

Aim

By looking at a comparison of the annotated sequences of 7. brucei and L. major you will
be able to analyse, in detail, those genes that are found in both organisms as well as spot
the differences. You will also see how ACT can be used to study the different chromosome
architecture of these two parasite species.

The files that you are going to need are:

Tbrucei.dna.gz - T brucei
sequence

Tbrucei.embl.gz - T brucei annotation

Leish _vs Tbrucei.tblastx.gz - comparison file

Leish.dna.gz - L. major sequence

Leish.embl.gz - L. major annotation

First, load up the sequence files for 7. brucei and L. major and the comparison file in ACT.

File Entries Select View Goto Edit Create Run Graph Display

o L LI
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[ Next, you need to find the regions of synteny between the sequences. ]

File Entries Select View Goto Edit Create Run Graph Display
4 »

|s8400 [116800 [175200 |233600 |292000 |350400 |apss00 |a67200

An “hour-glass”
shape indicates an
inversion

Zoom out & switch
off stop codon to
clarify the display

LOCKED

|s5400 [116800 [175200 |233600

When you have determined where there is synteny, zoom in to the region for a detailed
look. At this point you can add the annotation from the files called Leish.embl.gz and
Tbrucei.embl.gz.
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/Can you see conserved gene order between the two species? \

Can you see any region where similarity is broken up? Zoom in and look at some of the
genes encoded within these regions.

What are the predicted products of the genes assigned to these locations? View the details
by clicking on the feature, and then select Edit selected feature’ from the ‘Edit’ menu
after selecting the appropriate CDS feature.

Can you identify any genes in one organism that have hits to, or are similar to, regions in
\the other organism but which don’t appear to be predicted? If so, add these to your /

annotation.

File Entries Select View Goto Edit Create Run Graph Display
4 »
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/ Exercise 4 \

Introduction

If you do not have access to BLAST software running on a local computer, there is a web
resource WebACT (Appendix VI for the URL) that can be used for generating ACT
comparison files. WebACT allows you to cut and paste, or upload, your own sequences, and
generate ACT readable BLASTN or TBLASTX comparison files. WebACT also has a large
selection of recomputed comparison files for bacterial genomes, which can be downloaded
along with the EMBL sequence entries and viewed in ACT.

For the purposes of this exercise we are going to focus on the Gram-negative bacterial
pathogens Burkholderia pseudomallei and Burkholderia mallei. Both of these organisms are
category B bio-threat agents and cause the diseases Melioidosis and Glanders respectively.
The two species are closely related (DNA-DNA identity is >99%, multi locus sequence typing
(MLST) predicts that B. mallei is a clone of B. pseudomallei), however they differ markedly
in the environmental niches that they occupy.

B. pseudomallei is found in S.E. Asia and northern Australia, and is prevalent in the soil in
Melioidosis endemic areas. Inhalation, or direct contact with cuts or breaks in the skin, by
soil-borne B. pseudomallei is the cause of Melioidosis in humans and higher mammals. In
contrast, B. mallei is a zoonotic pathogen that is host restricted to horses and cannot be
isolated from the environment. Comparative genomic analysis has provided insights into
evolution of these two pathogens and the genetic basis for ecological and pathological
differences of these two pathogens.

The genomes of these two organisms both consist of two circular chromosomes. Comparisons
of the genomes reveals that the genome of B. pseudomallei is ~1.31 Mb larger than that of B.
mallei; 16% of chromosome 1, and 32% of chromosome 2, are unique in B. pseudomallei with
respect to B. mallei.

Aim

You are going to use a web resource, WebACT, to generate a comparison file of the smaller
chromosomes of B. pseudomallei and B. mallei. From the WebACT site you will download a
pre-computed ACT comparison comparison file, along with the appropriate EMBL sequence
and annotation files, which you will then open in ACT. Using this comparison you can then
investigate some of the the genotypic differences that differentiate these closely related

\pathogens, and look for the basis of structural differences in these chromosomes. We have not/

provided files for this exercise - you are on your own.
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Open up a web browser and go to the URL: www.webact.org

Artemis [Running]
WebACT - Home - Mozilla Firefox = ty 0) 2044 2 %
& WebACT-Home

e 2 |& webact.org

<|cl [*g~ Q 9

kpre-computed Generate Y Reload Y Instructions ) ‘

= WebACT

WebACT provides a database of sequence comparisons between all publi®™eguailable
prokaryotic genome sequences, allowing the on-line visualisation of comparisons betw

to five genomic sequences, using the Artemis Comparison Tool (ACT) developed by th
Sanger Institute \

Sequence comparisons can also be generated ‘on the fly' for up to five user-entered
sequences, by either uploading sequences, or querying public databases using sequence

identiiers Click on the Pre-computed

All pre-computed and user-generated comparisons can be viewed on-line using a webstart tab_
version of ACT or can be downloaded

WebACT currently contains 671 sequences from 273 species representing
a total of 225456 comparisons.

Department of
Infectious Disease Epidemiology

WebAct has been developed and is hosted at
ACT is developed and maintained by the Sanger Centre Pathogen Sequencing Unit

JPP @ GRlLeft

Artemis [Running]
WebACT Prebuilt Comparison: Select Sequences - Mo
&, WebACT Prebuilt Comparison:...

D e & Bl WebACT can display pairwise
The ‘Pre-computed’ page o e T mes v m| comparison between up to 5
contains genomic sequences I sequences. Click here if you
that have been compared want to increase the number
using BLASTN to each other. AA wernct | from the default of 2.
By selecting the desired WebACT | Select Sequences / Contactus

ST ® o) 2045 2 %

Sequel’lCCS from the Sequence How many sequences do you wish to compare? (2 2
. . Show plasmid sequencegg,

IIStSD the approprlate Sequence Please select your uences from the lists below

and comparison files can be Sequence 1

downloaded

/

/ Sequence 2 -
~¢

In addition to the chromosome
sequences, plasmids can also

be displayed by clicking in this Next
box

J

71
&

BLULTPEL GBLeftre ,
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You are going to compare the smaller chromosomes of B. pseudomallei and B. mallei.

Artemis [Running]
WebACT Prebuilt Comparison: Select Sequences - Mo
&, WebACT Prebuilt Comparison:...

e - (&

webact.org

ol ST )

v|C

2050 2 3%

(\A

2

} Pre-computed Y Generate

Y Reload Y

Instructions )

| In the Sequence 1 list select

2 WebACT

WebACT | Select Sequences

How many sequences do you wish to compare? |2 2
Show plasmid sequences?

Please select your sequences from the lists below
Sequence 1 -

B seudomallei (strain K96243) chromosome 1 (BX571965)

urkholdenia p
Burkholderia pseudomallei (strain K96243) chromosome 2 (BX571966)
B CC 17760 / NCIB 9086 /R18194 /383

Burkholderia pseudomallei
chromosome 2 (accession
number BX571966)

Contacyfs

In the Sequence 2 list select
Burkholderia mallei
chromosome 2 (accession

- number CP000011)

Once you have selected the

sequences click the Next button

Artemis [Running]
WebACT Prebuilt Comparison: Select Regions - Mozill
& WebACT Prebuilt Comparison:...

¢ - (&

webact.org

:f;il

v|C

VP BB O [ Lef s

20:51 & %

Ql @

-

kPre-compuled Y Generate Y Reload

Y Instructions ) |

4 {24 WebACT

WebACT | Select Sequences | Select Region

Do you wish to...

@ Setthe same range for all sequences?
Set a different range for each sequence?

Select the sequence range to display

2 sequences selected

@ Full sequence

gene name - Browse) .hd [50000
flanking sequence

From: |1 To: | 100000

In this window you can specify \
the regions in the selected

sequences to generate the
comparison over. It is possible to
query the sequences on gene name
or coordinates. The default setting
is for the whole sequence, and this
1s what we want for this exercise
as you are going to compare the
whole chromosomes.

Contac|

bp of

Click the Next button

Back | Next | <=

)
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Artemis [Running]

WebACT: Results - Mozilla Firefox = 13 0) 2055 & %

& WebACT: Results
& & webact.org v & |- Q @

kPre-compuLed Y Generate Y  Reload Y Instructions ) |

fIn the Overview of Selection\
you can see a schematic
representation of the relative

=2 WebACT

WebACT | Select Sequences | Select Region | Results Contact us .
. size of the two sequence that
esults
_ _ _ have been chosen to be
Overview of Selection (Mouse over for sequence details)
/ \compared. j
BX571966
CPO00011
View Comparison - The Expect (E) value cut-off

can be changed in this box.
The default value is 0.01, but
the range is from 10.0 to
0.0001.

If your browser asks you either Open or Save a .jnlp file, \
select 'Open’ to view the comparison

ODEH overview in separate window ]

Show hits outside selected sequence

&
Selecte-value cut-off: (001 2| <N

)

Start ACT | Download files )<«

\ Click the Download files button
Back

Lln addition to downloading the comparison files and sequence file it is

also possible to view the comparison in a webstart version of ACT.
This will run locally on your machine and does not require ACT to be
previously loaded, as a webstart version of ACT will be included in
the download. You are not going to use this option in this exercise.

The comparison file and sequences files will contained in a folder. For the ease of
downloading the folder is zipped.

M ®E webACT: Download - Mozilla Firefox

& webact.org

In the filename box you can type
the file name of the zip file
WebACT Comparison containing the sequence and

gl . .
Download files - J comparison files. For this
Enter filename: [Burk_chr2_complzip ‘ exercise call the file:

Burk _chr2_comp.zip

Include data for offline use: &

Download files ) Close |

—

Click the Download files button
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i t“% WebACT
WebACT - Download YOU may get a Wll’ldOW

The download of your data should begin shortly appearing asking you What

Ifthe download does not start automatically, click this link

You can upload this session again at a later date by selecting the 'Upload' tab FlrefOX ShOllld dO With the
B difomamp HEs
have ch B o
foutevechosento open Save the file to disk.

Burk_chr2_comp.zip

whichis a: Zip archive
from: http://www.webact.org

i What should Firefox do with this file?

Openwith | Archiv er (default) =

Click the OK button

@|saveFile

Do this automatically for files like this from now on.

Cancel OK

Y o

- (Burk_chrZ_comp.zip should now be in
Lthe Downloads directory

Downloads

To unzip the file, double click with the
left mouse button on the file name

Clear List Q

Click the Extract button

Y o)

Burk_chr2_comp.zip

B B open v [ extract

f—
- W X

@ Location: |[i/ .
e e e |oatemodined Select a location to extract the files to, such as Desktop

comparison1_BX571966_vs_C... 28.5kB unknown 13 November 2011...

README.Ext 413 bytes plaintextd... 13 November 2011...

sequence1_BX571966.embl 7.2MB unknown 13 November 2011...

sequence2_CP000011.embl 6.0 MB unknown 13 November 2011...

session.webact 800 bytes unknown 13 November 2011...

WebACT_Comparison.jnlp 1.2kB JNLP file 13 November 2011...
4 |+ |l@iwt |EDeskto, Create Folder
Places me v | Size Modified
Q search
@ Recently Use
i wt
B LDESKLO| P
— File System

i) Documents
i Music
I Pictures

\ i@ videos
&4 Downloads

6 objects (13.3 MB)

The files contained in the unzipped
directory should include:
comparisonl BX571966 vs CP0000
11, sequencel BX571966.embl and o o
sequence2 CP000011.embl. These are ® Alfies B

the ACT Comparison ﬁle and the B Files: Do not extract older files

pseudomalllei and B. mallei - cancel | (D
chromosome 2 EMBL annotation and /

sequence files respectively.
J Click the Extract button
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Open up ACT, and load up the comparison (comparisonl BX571966 vs CP000011) along
with the two EMBL sequence and annotation files (sequencel BX571966.embl and
sequence2 CP000011.embl). If you get a warnings window asking if you want to read

warning, click No.

Use the right click on
your mouse and select
score cutoff window.
Move the slider to
screen out hits below
2000

®en6 ACT: sequencel_BX571966.embl vs sequence2_CP000011.embl

File Entries Select View Goto Edit Create Write Run Graph Display

(=]

Eﬁmﬁml (| ||||| : Iﬂl I|||III|I l> |I|I|L I||I

| 1 ,I || Il IQ.IIIII ||IIII@ T T TT m m
|80 lr600 |_4oo |3200 l4000 |4800 |6400 |7200

L III||| | «;- ____ m-. l@%@d”lllllhlllllu I IIII\ ||||II I| IMM_IIII ,” 3

® © O  Score Cutoffs

fMinimum Cutoff: 2000

(=)

faximum Cutoff: 59845

( Reset ) ( close

Move the slider to 200 to
show only BLASTN
matches greater than 200

LR A I | _ | =T
III fl III I|IIII I Il IIIII III | I ! III@III[I IIII[I? (LAl II> IIIIII "m
|800 Lsoo [2400 |_zoo [4000 [4800 |5600 |6400 [7200
(il 1 || |1 [ @?@ (AR IR | [ @'M
fII”AI If|I W | | II|I \ ||| III | I'II I|||I| I,\III ’I 1 HII I

Now remove the stop codons for both entries, and then zoom out you will see the overall
conservation of the structure of the small chromosomes is poor.

ACT: sequencel_BX571966.embl vs sequence2_CP000011.embl

ntries Select View Goto Edit Create Write Run Graph Display

‘ I P I

12 bEDP BISIDD BEDEI)DINIBIDDIE IR IHIEDDDDEBEITD

IEIDPID mmlmg VIDDEDENEDIDED D IBD IS BEE [DBIDD B DEDID I DD 1P
RPN EDED

Up IPED>  IDIDDIE BB HbPIDIMD

DI EDDIMDIBNID D DEDD D D PPHDIDD D i

i

PEESED INED D EID> BED END B [DBDD DI> BD D IR [

(350000 |525000 |700000 875000 1050000

R CRT R TR T TR |
14

3 [ 2
175000 |350000 |225°°°4

K ENEIGE (I A WA HK) SHE]
BE| KIS K
JGEH 4 4 JKKNETKKE 44 <

|700000

|1225000 (1400000 (1575000 [1750000 [1925¢

d
4 K IHKD K JKHME dK] Qi al a0 44 MEKEKE (ISl 44

4«. 4 c«nmnm m a4
H

/l’ you were to look at the comparison for

the large chromosomes you would see a\
similar picture. The lack of conservation

is the result of intra-chromosomal
rearrangements. What do you think

caused this? Zoom into the regions on the
edge of the rearranged matches and look

at the annotation in the B. mallei
chromosome.

What is the function of the CDSs
consistently found in these regions. Are
there matches in the B. pseudomallei
chromosome?

Try selecting CDSs in B. pseudomallei
that match these regions and look how
many matches there are in B. mallei. Are
these regions repeated throughout the

chromosome? /
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mf you have time, you may want to generate, and view in ACT, comparisons for your own \
sequences. If you do not have any loaded on your workshop computer, why not try and
download some. Sequence in various formats can be cut and pasted, or up loaded onto the
WebACT site. In addition, if you know the accession number of the sequence that you want to
compare, you can use that. As the web site will have to run BLAST to generate your
comparison file, you may want to limit the size of the sequence that you submit for this
Qxercise to <100 kb. The the web site can handle larger sequences, but it will just take longer. j

Artemis [Running]

WebACT: Enter Query - Mozilla Firefox 0 0
- Clicking on the
&y WebACT: Enter Query . , )
. —— Generate tab will take
= & webact.org B )
P Pre-computed | Generate %aa f Instructions you tO thls page

Number of sequences to compare

< WebACT
WebACT | Enter Query Contact us
How many sequences to you wish to compare? (2 2

Send e-mail notification on job completion?

Cut and paste sequence

e-mail address

For each sequence below, please either paste a sequence, upload a sequence file or enter an
number i.e. NTCAD19MR

BL or Refseq Accession

Sequence 1 -

@ Paste sequence (raw, EMBL or FASTA format)

Upload file
Upload File (raw, EMBL or FASTA format)
Browse...
Enter an EMBL or Refseq Accession number <«
Sequence 2 - Type accession number
@ paste sequence (raw, EMBL or FASTAformat)

Upload File (raw, EMBL or FASTA format) f \

Click here for BLAST

Enter an EMBL or Refseq Accession number options, such as changing
from the default BlastN to
TBlastX, and altering the

Submit) Clear BLAST cutofts

~_ . y ~

SOULF @I B[ Left 3

Blast Search Options [show] <+

Once you added the relevant sequence
information, submit your query. The comparison
file or files are down loaded as shown in the
example, and can them be loaded in to ACT.
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0 Unix module

0.1 Introducing Unix

Unix is the standard operating system on most large computer systems in scientific research, in the
same way that Microsoft Windows is the dominant operating system on desktop PCs.

Unix and MS Windows both perform the important job of managing the computer's hardware
(screen, keyboard, mouse, hard disks, network connections, etc...) on your behalf. They also pro-
vide you with tools to manage your files and to run application software. They both offer a graphical
user interface (desktop). These desktop interfaces look different between the operating systems, use
different names for things (e.g. directory versus folder) and have different images but they mostly
offer the same functionality.

Unix is a powerful, secure, robust and stable operating system which allows dozens of people to run
programs on the same computer at the same time. This is why it is the preferred operating system
for large-scale scientific computing. It runs on all kinds of machines, from mobile phones (Android),
desktop PCs... to supercomputers.

0.2 Why Unix?

Increasingly, the output of biological research exists as in silico data, usually in the form of large text
files. Unix is particularly suitable for working with such files and has several powerful and flexible
commands that can be used to process and analyse this data. One advantage of learning Unix is
that many of the commands can be combined in an almost unlimited fashion. So if you can learn
just six Unix commands, you will be able to do a lot more than just six things.

Unix contains hundreds of commands, but to conduct your analysis you will probably only need 10
or so to achieve most of what you want to do. In this course we will introduce you to some basic
Unix commands followed by some more advanced commands and provide examples of how they
can be used in bioinformatics analyses.

0.3 Sections of the Unix course

Basic unix
Files

grep

awk

Bash scripts

AL

0.4 Following the course in a terminal

In this course you will use a terminal window to type in your Unix commands. This is similar to the
"Command Prompt" window on MS Windows systems, which allows the user to type DOS commands
to manage files.




0 Unix module 0.5 Cheat sheet

To follow the course by typing the commands into a terminal yourself, run the following cell in this
notebook, either by pressing control and enter, or by selecting it with the mouse and then in the
menu at the top of the page choosing Cell -> Run.

echo cd $PWD

cd /home/manager/Module_3_Linux_Scripting

Now open a new terminal on your computer and type the command that was output by the previous
cell followed by the enter key. The command will look similar to this:

cd /home/manager/Module_3_Linux_Scripting

0.5 Cheat sheet

We've also included a cheat sheet. It probably won't make a lot of sense now, but it might be a useful
reminder of this module later in the course.
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1 Basic Unix

1.1 The Commandline

The commandline or 'terminal' is an interface you can use to run programs and analyse your data.
If this is your first time using one it will seem pretty daunting at first but, with just a few commands,
you'll start to see how it helps you to get things done much quicker. You're probably more familiar
with software which uses a graphical user interface, also known as a GUI; unfortunately most of the
best bioinformatics software has not been programed with this capability.

1.2 Getting started

Before we get started, let's check that you're in the right place. Please click on the cell below and
press the crtl and Enter keys. If you're not sure what this command does, don't worry for now;
we'll explain it in more detail later.

echo "cd $PWD"

cd /home/manager/Module_3_Linux_Scripting/basic

It should say something like cd /home/manager/Module_3_Linux_Scripting/basic. Type what-
ever it said into your terminal and press Enter.

Then continue through the course, entering any commands that you encounter into your terminal
window.

However, before getting started there are some general points to remember that will make your life
easier:

* Unix is case sensitive - typing 1s is not the same as typing LS.

* Often when you have problems with Unix, it is due to a spelling mistake. Check that you have
not missed or added a space. Pay careful attention when typing commands across a couple of
lines.

1.3 Files and directories

Directories are the Unix equivalent of folders on a PC or Mac. They are organised in a hierarchy,
so directories can have sub-directories and so on. Directories are very useful for organising your
work and keeping your account tidy - for example, if you have more than one project, you can
organise the files for each project into different directories to keep them separate. You can think of
directories as rooms in a house. You can only be in one room (directory) at a time. When you are
in a room you can see everything in that room easily. To see things in other rooms, you have to go
to the appropriate door and crane your head around. Unix works in a similar manner, moving from
directory to directory to access files. The location or directory that you are in is referred to as the
current working directory.

If there is a file called genome . seq in the dna directory its location or full pathname can be expressed
as /nfs/dna/genome. seq.
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Directory structure example

/
l l l l
Jusr /bin Infs Ivar /home
/local ffred
|
I | |
bin Nib /man fdata
| I I l
/ma /pfam /dna /protein /cosmids

Figure 1: Hierarchy

1.4 pwd - find where you are

The command pwd stands for print working directory. A command (also known as a program) is
something which tells the computer to do something. Commands are therefore often the first thing
that you type into the terminal (although we'll show you some advanced exceptions to this rule
later).

As described above, directories are arranged in a hierarchical structure. To determine where you
are in the hierarchy you can use the pwd command to display the name of the current working
directory. The current working directory may be thought of as the directory you are in, i.e. your
current position in the file-system tree.

To find out where you are, type this into your terminal.

pwd

/home/manager/Module_3_Linux_Scripting/basic

Remember that Unix is case sensitive, PWD is not the same as pwd.

pwd will list each of the folders you would need to navigate through to get from the root of the file
system to your current directory. This is sometimes refered to as your 'absolute path' to distinguish
that it gives a complete route rather than a 'relative path' which tells you how to get from one folder
to another. More on that shortly.
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1.5 s - list the contents of a directory

The command 1s stands for list. The 1s command can be used to list the contents of a directory.

To list the contents of your current working directory use:

=
0]

basic.ipynb directory_structure.png Pfalciparum Styphi

You should see that there are 6 items in this directory.

To list the contents of a directory with extra information about the items use:

total 56

-rwxrwx--- 1 manager manager 19478 Dec 22 09:59 basic.ipynb

-rwxrwx--- 1 manager manager 28513 Dec 22 09:59 directory_structure.png
drwxrwx--- 4 manager manager 4096 Dec 22 09:59 Pfalciparum

drwxrwx--—- 2 manager manager 4096 Dec 22 09:59 Styphi

Instead of printing out a simple list, this should have printed out additional information about each
file. Note that there is a space between the command 1s and the -1. There is no space between the
dash and the letter 1.

-1 is our first example of an option. Many commands have options which change their behaviour
but are not always required.

What do each of the columns represent?

To list all contents of a directory including hidden files and directories use:

1s -a -1
total 64
drwxrwx--- 4 manager manager 4096 Dec 22 09:59 .
drwxrwxr-x 9 manager manager 4096 Dec 22 09:59 ..
-rwxrwx--- 1 manager manager 19478 Dec 22 09:59 basic.ipynb
-rwxrwx--- 1 manager manager 28513 Dec 22 09:59 directory_structure.png
-rwxrwx--- 1 manager manager O Dec 22 09:59 .hiddenl
-rwxrwx--- 1 manager manager O Dec 22 09:59 .hidden2
drwxrwx--- 4 manager manager 4096 Dec 22 09:59 Pfalciparum
drwxrwx--- 2 manager manager 4096 Dec 22 09:59 Styphi

This is an example of a command which can take multiple options at the same time. Different
commands take different options and sometimes (unhelpfully) use the same letter to do different
things.

How many hidden files and directories are there?

Try the same command but with the -h option:
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total 64K

drwxrwx--- 4 manager manager 4.0K Dec 22 09:59 .

drwxrwxr-x 9 manager manager 4.0K Dec 22 09:59 ..

-rwxrwx--- 1 manager manager 20K Dec 22 09:59 basic.ipynb

-rwxrwx——— 1 manager manager 28K Dec 22 09:59 directory_structure.png
-rwxrwx--- 1 manager manager O Dec 22 09:59 .hiddenl

-rwxrwx——— 1 manager manager O Dec 22 09:59 .hidden2

drwxrwx--- 4 manager manager 4.0K Dec 22 09:59 Pfalciparum

drwxrwx--- 2 manager manager 4.0K Dec 22 09:59 Styphi

You'll also notice that we've combined -a -1 -h into what appears to be a single -alh option. It's
almost always ok to do this for options which are made up of a single dash followed by a single letter.

What does the -h option do?

To list the contents of the directory called Pfalciparum with extra information use:

1ls -1 Pfalciparum/

total 24472
drwxrwx--- 2 manager manager 4096 Dec 22 09:59 annotation
drwxrwx--- 2 manager manager 4096 Dec 22 09:59 fasta
-rwxrwx--- 1 manager manager 654069 Dec 22 09:59 MAL1l.fa
-rwxrwx--- 1 manager manager 962943 Dec 22 09:59 MAL2.fa
1 manager manager 23241585 Dec 22 09:59 Malaria.fa
1

manager manager 183279 Dec 22 09:59 Pfalciparum.bed

“IrWXIrwX———
“IrWXIWX———

In this case we gave 1s an argument describing the relative path to the directory Pfalciparum from
our current working directory. Arguments are very similar to options (and I often use the terms
interchangably) but they often refer to things which are not prefixed with dashes.

How many files are there in this directory?

1.6 Tab completion

Typing out file names is really boring and you're likely to make typos which will at best make your
command fail with a strange error and at worst overwrite some of your carefully crafted analysis.
Tab completion is a trick which normally reduces this risk significantly.

Instead of typing out 1s Pfalciparum/, try typing 1s P and then press the tab character (instead
of Enter). The rest of the folder name should just appear. If you have two folders with simiar names
(e.g. my_awesome_scripts/ and my_awesome_results/) then you might need to give your terminal
a bit of a hand to work out which one you want. In this case you would type 1s -1 m, when you
press tab the terminal would read 1s -1 my_awesome_, you could then type s followed by another
tab and it would work out that you meant my_awesome_scripts/
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1.7 File permissions

Every file and directory have a set of permissions which restrict what can be done with a file or
directory.

* Read (r): permission to read from a file/directory

* Write (w): permission to modify a file/directory

* Execute (x): Tells the operating system that the file contains code for the computer to run, as
opposed to a file of text which you open in a text editor.

The first set of permissions (characters 2,3,4) refer to what the owner of the file can do, the second
set of permissions (5,6,7) refers to what members of the Unix group can do and the third set of
permissions (8,9,10) refers to what everyone else can do.

1.8 cd - change current working directory

The command cd stands for change directory.

The cd command will change the current working directory to another, in other words allow you to
move up or down in the directory hierarchy:.

To move into the Styphi directory type the following. Note, you'll rmember this more easily if
you type this into the terminal rather copying and pasting. Also remember that you can use tab
completion to save typing all of it.

cd Styphi/

(no output)

Now use the pwd command to check your location in the directory hierarchy and the 1s command
to list the contents of this directory.

pwd
1s

/home/manager/Module_3_Linux_Scripting/basic/Styphi
Styphi.fa Styphi.gff Styphi.noseq.gff

You should see that there are 3 files called: Styphi.fa, Stypi.gff, Styphi.noseq.gff

1.9 Tips

There are some short cuts for referring to directories:

e . Current directory (one full stop)

¢ .. Directory above (two full stops)

* ~ Home directory (tilda)

* / Root of the file system (like C: in Windows)

Try the following commands, what do they do?
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Styphi.fa Styphi.gff Styphi.noseq.gff

basic.ipynb directory_structure.png Pfalciparum Styphi

5 =
bin pathogen-informatics-training
Desktop pathogens-vm
Documents pathogens-vm.tar
Downloads Pictures
Linux Public
Module_1_ArtemisACT scripts
Module_2_Mapping Task_1_Georeferencing

Module_3_Linux_Scripting Task_2_SexualDevelopment
Module_4_GenomeAssembly Templates
Module_5_Annot_DiffExp texmf

Music Videos

Try moving between directories a few times. Can you get into the Pfalciparum/ and back into
Styphi/?
1.10 cp - copy a file

The command cp stands for copy.

The cp command will copy a file from one location to another and you will end up with two copies
of the file.

To copy the file Styphi.gff to a new file called StyphiCT18 use:
cp Styphi.gff StyphiCT18.gff
(no output)

Use 1s to check the contents of the current directory for the copied file:

StyphiCT18.gff Styphi.fa Styphi.gff Styphi.noseq.gff
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1.11 mv - move a file

The mv command stand for move.

The mv command will move a file from one location to another. This moves the file rather than
copies it, therefore you end up with only one file rather than two. When using the command, the
path or pathname is used to tell Unix where to find the file. You refer to files in other directories by
using the list of hierarchical names separated by slashes. For example, the file called bases in the
directory genome has the path genome/bases. If no path is specified, Unix assumes that the file is
in the current working directory.

To move the file StyphiCT18.gff from the current directory to the directory above use:

mv StyphiCT18.gff ..
(no output)

Use the 1s command to check the contents of the current directory and the directory above to see
that Styphi.fa has been moved.

1s

Styphi.fa Styphi.gff Styphi.noseq.gff

cd ..

1s

basic.ipynb directory_structure.png Pfalciparum Styphi StyphiCT18.gff

1.12 rm - delete a file

The command rm stands for remove.
The rm command will delete a file permanently from your computer so take care!

To remove the copy of the S. typhi genome file, called StyphiCT18.gff use:

rm StyphiCT18.gff

(no output)

Use the 1ls command to check the contents of the current directory to see that the file
StyphiCT18.gff has been removed.

1s

basic.ipynb directory_structure.png Pfalciparum Styphi

Unfortunately there is no "recycle bin" on the command line to recover the file from, so you have to
be careful.
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1.13 find - find a file

The find command can be used to find files matching a given expression. It can be used to recur-
sively search the directory tree for a specified name, seeking files and directories that match the
given name.

To find all files in the current directory and all its subdirectories that end with the suffix gff:

find . -name "*.gff"

./Styphi/Styphi.gff
./Styphi/Styphi.noseq.gff

How many gff files did you find?

To find all the subdirectories contained in the current directory use:
find . -type d

./Pfalciparum
./Pfalciparum/annotation
./Pfalciparum/fasta
./Styphi

How many subdirectories did you find?

These are just two basic examples of the find command but it is possible to use the following find
options to search in many other ways:

* -mtime : search files by modifying date

* -atime : search files by last access date

* -size : search files by file size

* -user : search files by user they belong to

1.14 Exercises

Many people panic when they are confronted with a Unix prompt! Don't! All the commands you
need to solve these exercises are provided above and don't be afraid to make a mistake. If you get
lost ask a demonstrator. If you are a person skilled at Unix, be patient this is only a short exercise.

To begin, open a terminal window and navigate to the basic directory in the Unix_course directory
(remember use the Unix command cd) and then complete the exercise below.

1. Use the 1s command to show the contents of the basic directory.

How many files are there in the Pfalciparum directory?

What is the largest file in the Pfalciparum directory?

Move into the Pfalciparum directory.

How many files are there in the fasta directory?

Copy the file Pfalciparum.bed in the Pfalciparum directory into the annotation directory.
Move all the fasta files in the directory Pfalciparum to the fasta directory.

N A WD
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8. How many files are there in the fasta directory?
9. Use the find command to find all gff files in the Unix directory, how many files did you find?
10. Use the find command to find all the fasta files in the Unix directory, how many files did you
find?

11
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2 Looking inside files

A common task is to look at the contents of a file. This can be achieved using several different Unix
commands, less, head and tail. Let us consider some examples.

But first, change directory into the Unix/files/ directory (hint: you might need to go up a few
directories first using cd ../..). Check that the following commands give you a similar output:

pwd
1s

/home/manager/Module_3_Linux_Scripting/files
files.ipynb Pfalciparum.bed Styphi.fa Styphi.gff Styphi.noseq.gff

2.1 less

The less command displays the contents of a specified file one screen at a time. To test this com-
mand, open a terminal window on the computer, navigate to the directory files in the Unix_course
directory and type the following command followed by the enter key:

less Styphi.gff

The contents of the file Styphi.gff is displayed one screen at a time, to view the next screen press
the space bar. As Styphi.gff is a large file this will take a while, therefore you may want to escape
or exit from this command. To do this, press the q key, this kills the 1ess command and returns
you to the Unix prompt. less can also scroll backwards if you hit the b key. Another useful feature
is the slash key, /, to search for an expression in the file. Try it, search for the gene with locus tag
t0038. What is the start and end position of this gene?

2.2 head and tail

Sometimes you may just want to view the text at the beginning or the end of a file, without having
to display all of the file. The head and tail commands can be used to do this.

The head command displays the first ten lines of a file.

To look at the beginning of the fie Styphi.gff file use:

head Styphi.gff

##gff-version 3
##sequence-region AE014613 1 4791961
#!Date 2011-07-11

#!Type DNA

#!Source-version EMBOSS 6.3.1

AE014613 EMBL databank_entry 1 4791961 0.000 + . ID="AE014613.1";o0rg
AFE014613 EMBL gene 190 255 0.000 + ID="AE014613.2";gene="thrL"
AE014613 EMBL CDS 190 255 0.000 + 0 ID="AE014613.3";codon_start
AFE014613 EMBL gene 337 2799 0.000 + . ID="AE014613.4";gene="thrA"
AE014613 EMBL CDS 337 2799 0.000 + 0 ID="AE014613.5";codon_start

12



2 Looking inside files 2.2 head and tail

The tail command displays the last ten lines of a file.

To look at the end of Styphi.gff use:

tail Styphi.gff

tattgaggttttccacacccttgeccgacgegetccacgatgtggattttaccgtagegac
gacagcccgcagcecgggcaaaatttcattactacgettcgeccgetgaactggttcectt
attacaggaaaaatcacgctggatgcgtcatgeccgegetggtttttggecgtgaggattce
cggtctgaccaacgacgagctggegetggeggatgtattgaccggegtgecgatggegge
ggattacccttcgctcaatctgggtcaggeggtcatggtgtattgectatcaattagecagg
tttaatgcaacagaccccggaatccgttgatattgectgatgaatcgecagttacaggegtt
acgcgcgegecttttacgectgectaaccactctggaggeggecgatgaccacaaattaac
cgactggctacaacagcgaatcggectgetgggacagecgagatacggecaatgttgeaccg
tttggtccatgatattgaaaaaaaactaacaaaataacgtgttgtaatttttaaaataat
a

The amount of the file that is displayed can be increased by adding extra arguments. To increase
the number of lines viewed from 10 to 25 add -n 25 to the command:

tail -n 25 Styphi.gff

tcgaatacatcatagccttccgettcgaaaatacttttcaacgtgttgegtgttaccaac
tcgtcttcaacgataagaatgtgeggggtctgecatgtttgectacctaaattgeccaactaa
atcgaaacaggaagtacaaaagtccctgacctgectgatgecatgtcgecaaattaacatga
tcggcgtaacatgactaaagtacgtaattgegttcttgatgcactttccatcaacgtcaa
caacatcattagcttggtcgtgggtactttccctctggacccgacagtgtcaaaaacgge
tgtcatcctaaccattttaacagcaacataacaggctaagacgtaccggacacctaataa
aactacgcttcgttgacatatatcaagttcaattgtagcacgttaacagtttgatgaaat
catcgtagctaaatgctagctttcatcacaaatttgcaatattccaactagttacgtaag
ccaactaataaatgcgatgaatccaaagaacaggatctattttaaattaaattatcctaa
ataaacagcaggataacgatgttctgttaacataaacagcaatagtacagatacgcaata
gtgtagcgtcttttacgaaatcaaaaatgctttttcagtgatatccgttaaaattttgta
aatttgcgaagcgtaatatgcttacaaacgccagctaatttcctgtaaattagtcaaaaa
gagtaatgaaatgcgtgtaacaatcgttcttgtcgectecccgeccagageggaaaatategg
cgcagccgeccgggectatgaagaccatgggatttactgacctgegtattgtcgacageca
ggcgcacctagageccgetacccgttgggtecgecacatggatctggagatattattgataa
tattgaggttttccacacccttgecgacgegectccacgatgtggattttaccgtagegac
gacagcccgcagccgggcaaaatttcattactacgettcgeccgetgaactggttcectt
attacaggaaaaatcacgctggatgcgtcatgecgegetggtttttggecgtgaggattc
cggtctgaccaacgacgagctggegetggeggatgtattgaccggegtgecgatggegge
ggattacccttcgctcaatctgggtcaggeggtcatggtgtattgetatcaattagecagg
tttaatgcaacagaccccggaatccgttgatattgectgatgaatcgcagttacaggegtt
acgcgecgecgecttttacgectgetaaccactctggaggeggecgatgaccacaaattaac
cgactggctacaacagcgaatcggecctgectgggacagecgagatacggecaatgttgeacceg
tttggtccatgatattgaaaaaaaactaacaaaataacgtgttgtaatttttaaaataat
a

In this case you've given tail an argument in two parts. In this case the -n says that you want to
specify the number of lines to show and the 25 bit tells it how many. Unlike earlier when we merged
arguments like 1s -1ha together, it's not a good idea to merge multiple two part arguments together
because otherwise it is ambiguous which value goes with which argument.
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-n is such a common argument for tail and head that it even has a shorthand: -n 25 and -25 mean
the same thing.

2.3 Saving time

Saving time while typing may not seem important, but the longer that you spend in front of a
computer, the happier you will be if you can reduce the time you spend at the keyboard.

* Pressing the up/down arrows will let you scroll through previous commands entered.
* If you highlight some text, middle clicking on the mouse will paste it on the command line.

* Tab completion doesn't just work on filenames, it also works on commands. Try it by typing
fin and pressing tab...

fin
Although tab completion works on commands and filenames, unfortunatly it rarely works on options
or other arguments.

2.4 Getting help man

To obtain further information on any of the Unix commands introduced in this course you can use the
man command. For example, to get a full description and examples of how to use the sort command
use the following command in a terminal window.

man tail

There are several other useful commands that can be used to manipulate and summarise information
inside files and we will introduce some of these next, cat, sort, wc and unigq.

2.5 Writing to files

So far we've been running commands and outputting the results into the terminal. That's obviously
useful but what if you want to save the results to another file?

Run this:

head -1 Styphi.gff > first_Styphi_line.txt

(no output)

It's likely that nothing will have happened. This is because the > character has redirected the output
of the head command. Instead of writing to the standard output (your terminal) it sent the output
into the file first_Styphi_line.txt. Note that tab completion works for Styphi.gff because it
exists but doesn't work for first_Styphi_line.txt because it doesn't exist yet.
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2.6 cat

cat is another way of reading files, but unlike 1less it just throws the entire contents of the file onto
your standard output. Try it on first_Styphi_line.txt

cat first_Styphi_line.txt

##gff-version 3

We don't need first_Styphi_line.txt any more so let's delete it

rm first_Styphi_line.txt

(no output)

The cat command can also be given the names of multiple files, one after the other and it will just
output both. You can use this and the > symbol to join files together.

Having looked at the beginning and end of the Styphi.gff file you should notice that in the GFF
file the annotation comes first, then the DNA sequence at the end. If you had two separate files con-
taining the annotation and the DNA sequence, it is possible to concatenate or join the two together
to make a single file like the Styphi . gff file you have just looked at. The command cat can be used
to join two or more files into a single file. The order in which the files are joined is determined by
the order in which they appear in the command line.

For example, we have two separate files, Styphi.noseq.gff and Styphi.fa, that contain the an-
notation and DNA sequence, respectively for the Salmonella typhi CT18 genome. To join together
these files use:

cat Styphi.noseq.gff Styphi.fa > Styphi.concatenated.gff

(no output)

The files Styphi.noseq.gff and Styphi.fa will be joined together and written to a file called
Styphi.concatenated.gff.

The > symbol in the command line directs the output of the cat program to the designated file
Styphi.concatenated.gff. Use the command 1s to check for the presence of this file.

files.ipynb Styphi.concatenated.gff Styphi.gff
Pfalciparum.bed Styphi.fa Styphi.noseq.gff

2.7 wc - counting

The command wc counts lines, words or characters.

There are two ways you could use it:

15
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wc -1 Styphi.gff
88961 Styphi.gff
or

cat Styphi.gff | wc -1
88961

Both give a similar answer. In the first example you tell wc the file that you want it to review
(Styphi.gff) and pass the -1 option to say that you're only interested in the number of lines.

In the second example you use the | symbol which is also known as the pipe symbol. This pipes the
output of cat Styphi.gff into the input of wc -1. This means that you can also use the same wc
tool to count other things. For example to count the number of files that are listed by 1s use:

1s | wec -1

o

You can connect as many commands as you want. For example:

1s | grep ".gff" | wc -1

w

What does this command do? You will learn more about the grep command later in this course.

2.8 sort - sorting values

The sort lets you sort the contents of the input. When you sort the input, lines with identical content
end up next to each other in the output. This is useful as the output can then be fed to the uniq
command (see below) to count the number of unique lines in the input.

To sort the contents of a BED file use:

sort Pfalciparum.bed

sort Pfalciparum.bed | head

01 104936 105441 PFAO115w 1
01 107429 108580 PFA0120c -1
01 110984 116033 EBA181 -1

01 11513 12397 RNAzID:13 1
01 119275 121483 FIKK1 -1

01 124752 125719 PFA0135w 1
01 126553 128375 PFA0140c -1
01 129194 131074 PFA0145c -1
01 132320 133858 PFA0150c¢ -1
01 134587 139491 PFA0155c -1

16
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sort Pfalciparum.bed | tail

14 979397 979586 RNAzID:2132 1
14 981211 982551 PF14TR004 1
14 981536 981592 RNAzID:2134 -1
14 982830 982889 RNAzID:2136 -1
14 983283 984503 PF14_0232 -1
14 985307 987697 PF14_0233 -1
14 987657 987729 RNAzID:2137 1
14 989162 992872 PF14_0234 1
14 993594 994242 PF14_0235 1
14 995103 1000448 PF14_0236 -1

To sort the contents of a BED file on position, type the following command.
sort -k 2 -n Pfalciparum.bed

The sort command can sort by multiple columns e.g. 1st column and then 2nd column by specifying
successive -k parameters in the command.

sort -k 2 -n Pfalciparum.bed | head

06 653 1432 PFF0005c -1
14 1394 5344 PF14_0001 1
14 2215 5392 PF14TROO1 1
06 3503 12835 VAR 1

09 6841 7670 RNAzID:4487 1
14 7113 7207 RNAzID:1975 1
14 7209 8539 RIF -1

11 8419 9249 RNAzID:585 1
03 8435 8527 RNAzID:2735 -1
14 8936 9033 RNAzID:1976 1
14 3272513 3273783 RIF 1

14 3274613 3274669 RNAzID:2440 -1
14 3276165 3277436 RIF 1

14 3279435 3280597 RIF 1

14 3282002 3282056 RNAzID:2456 1
14 3282664 3283687 PF14_0771 1
14 3285383 3285466 RNAzID:2463 -1
14 3285835 3286938 RIF 1

14 3289946 3290002 RNAzID:2468 1
14 3290888 3291436 PF14 0773 1

Why not have a look at the manual for sort to see what these options do? Remember that you can
type / followed by a search phrase, n to find the next search hit, N to find the previous search hit
and q to exit.

man sort
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2.9 uniq - finding unique values

The uniq command extracts unique lines from the input. It is usually used in combination with sort
to count unique values in the input.

To get the list of chromosomes in the Pfalciparum bed file use:

awk '{ print $1 }' Pfalciparum.bed | sort | uniq

01
02
03
04
05
06
07
08
09
10
11
12
13
14

How many chromosomes are there? You will learn more about the awk command later in this course.

Warning: uniq is really stupid; it can only spot that two lines are the same if they are right next to
one another. Your therefore almost always want to sort your input data before using uniq.

Do you understand how this command is working? Why not try building it up piece by piece to see
what it does?

awk '{ print $1 }' Pfalciparum.bed | less
awk '{ print $1 }' Pfalciparum.bed | sort | less
awk '{ print $1 }' Pfalciparum.bed | sort | uniq | less

2.10 Exercises

Open up a new terminal window, navigate to the files directory in the Unix_course directory and
complete the following exercise:

1. Use the head command to extract the first 500 lines of the file Styphi.gff and store the output
in a new file called Styphi.500.gff.

2. Use the we command to count the number of lines in the Pfalciparum.bed file.

3. Use the sort command to sort the file Pfalciparum.bed on chromosome and then gene posi-
tion.

4. Use the uniq command to count the number of features per chromosome in the
Pfalciparum.bed file. Hint: use the man command to look at the options for the uniq com-
mand. Or peruse the wc or grep manuals. There's more than one way to do it!
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3 Searching inside files with grep

A common task is to extract information from large files. This can be achieved using the Unix
command grep, which stands for "Globally search for a Regular Expression and Print". The meaning
of this acronym will become clear later, when we discuss Regular Expressions. First, we will consider
simpler examples.

Before we start, change into the Unix/grep directory and double check that the following commands
gives you a similar output:

pwd
1s

/home/manager/Module_3_Linux_Scripting/grep

answers.md grep.ipynb regex_example.txt
exercises.fasta list_example.l sequences.fasta
gene_expression.bed list_example.2

gene_expression_sneaky.bed list_example.3

3.1 Simple pattern matching

We will use a small example file (in "BED" format), which contains the expression levels of some
genes. This is a column-based file, with a tab character between each column. There can be more
than 10 columns, but only the first three are required to be a valid file. The file format is described
in full here: http://genome.ucsc.edu/FAQ/FAQformat#formatl. We will use the first 5 columns:

1. Sequence name

2. start position (starting from 0, not 1)

3. end position (starting from 0, not 1)

4. feature name

5. score (which is used to store the gene expression level in our examples).

Here is the contents of the first example BED file used in this course:

cat gene_expression.bed
chrl 10 100 genel 10 +
chrl 350 500 gene2 1000 -
chr2 20 35 gene3 0 +

chr2 110 200 Gene4 4 -
chr3 1000 2000 geneb5 100 +

chrio 1 100 gene6 11 -
chrX 60 90 Gene7 2 +
chrY 80 120 GENE8 42 -

In reality, such a file could contain 100,000s of lines, so that it is not practical to read manually.
Suppose we are interested in all the genes from chromosome 2. We can find all these lines using

grep:
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grep chr2 gene_expression.bed

chr2 20 35 gene3 O +
chr2 110 200 Gened 4 -

This has shown us all the lines that contain the string "chr2".

We can use a pipe to then just extract the genes that are on the positive strand, using grep a second
time:

grep chr2 gene_expression.bed | grep +
chr2 20 35 gene3 O +

However, since grep is reporting a match to a string anywhere on a line, such simple searches can
have undesired consequences. For example, consider the result of doing a similar search for all the
genes in chromosome 1:

grep chrl gene_expression.bed

chri 10 100 genel 10 +
chrl 350 500 gene2 1000 -
chri0 1 100 gene6 11 -

Oops! We found genes in chromosome 10, because "chrl" is a substring of "chr10".

Or consider the following file, where the genes have unpredictable names (which is not unusual for
bioinformatics data).

cat gene_expression_sneaky.bed

chrl 10 100 genel 10 +
chrl 350 500 gene2 1000 -
chrl 350 500 sneaky-gene3 1000 +
chr2 20 35 gened O +
chr2 110 200 geneb 4 -
chr3 1000 2000 gene6 100 +

chr8 20 100 chrill.genel 1000 -
chri0 1 100 gene7 11 -
chril 20 100 sneaky-gene8 1000 +

Now we try to find genes on chromosome 1 that are on the negative strand. We put the minus sign in
quotes, to stop Unix interpreting this as an option to grep, as opposed to the string we are searching
for:

grep chrl gene_expression_sneaky.bed | grep '-'

chrl 350 500 gene2 1000 -
chrl 350 500 sneaky-gene3 1000 +

chr8 20 100 chril.genel 1000 -
chri0 1 100 gene7 11 -
chril 20 100 sneaky-gene8 1000 +
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The extra lines are found by grep because of matches in columns we were not expecting to match.
Remember, grep is reporting these lines because they each contain the strings "chr1" and "-" some-
where.

We need a way to make searching with grep more specific.

3.2 Regular expressions

Regular expressions provide the solution to the above problems. They are a way of defining more
specific patterns to search for.

3.2.1 Matching the start and end of lines

First, we can specify that a match must be at the start of a line using the symbol "~", which means
"start of line". Without the ~, we find any match to "chrl":

grep chrl gene_expression_sneaky.bed

chri 10 100 genel 10 +
chrl 350 500 gene2 1000 -
chrl 350 500 sneaky-gene3 1000 +

chr8 20 100 chrill.genel 1000 -
chri0 1 100 gene7 11 -
chril 20 100 sneaky-gene8 1000 +

However, notice the effect of searching for ~chr1 instead. Note that we put the regular expression
in quotes, to avoid Unix errors. Not using quotes may or may not give an error, but it is safest to use
quotes for anything but the simplest of searches.

grep '“chrl' gene_expression_sneaky.bed

chrl 10 100 genel 10 +
chrl 350 500 gene2 1000 -
chrl 350 500 sneaky-gene3 1000 +
chri0 1 100 gene7 11 -
chril 20 100 sneaky-gene8 1000 +

Good! We have removed the match to the badly-named gene "chr11.genel", which is on chromosome
8. Now we want to avoid matching chromosomes 10 and 11. This can be done by also looking for
a "tab" character, which is represented by writing \t. For technical reasons, which are beyond the
scope of this course, we must also put a dollar sign before the quotes to make any search involving
a tab character work.

grep $' chri\t' gene_expression_sneaky.bed

chrli 10 100 genel 10 +
chrl 350 500 gene2 1000 -
chrl 350 500 sneaky-gene3 1000 +
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To find the genes on the negative strand, all that remains is to match a minus sign at the end of the
line (so that we do not find "sneaky-gene3"). We can do this using the dollar "$", which means "end
of line".

grep $'"chri\t' gene_expression_sneaky.bed | grep '\-$'

chrl 350 500 gene2 1000 -

3.2.2 Wildcards and alphabets

Another special character in regular expressions is the dot: ".". This stands for any character. For
example, this finds all matches to chromosomes 1-9, and chromosomes X and Y:

grep $'"chr.\t' gene_expression.bed

chrl 10 100 genel 10 +
chrl 350 500 gene2 1000 -
chr2 20 35 gene3 0 +
chr2 110 200 Gened 4 -
chr3 1000 2000 geneb5 100 +
chrX 60 90 Gene7 2 +
chrY 80 120 GENE8 42 =

In fact, the earlier command that found all genes on chromosome 1 that are on the negative strand,
could be found with a single call to grep instead of two calls piped together. To do this, we need a
regular expression that finds lines that:

e start with chrl, then a tab character
¢ end with a minus
* have arbitrary characters between.

The asterisk "*" has a special meaning: it says to match any number (including zero) of whatever
character is before the *. For example, the regular expression 'AC*G' will match AG, ACG, ACCG,
etc. The simpler, improved command is:

grep $' chri\t.*-$' gene_expression_sneaky.bed

chrl 350 500 gene2 1000 -

As well as matching any character using a dot, we can define any list of characters to match, using
square brackets. For example, [12X] means match a 1, 2, or an X. This can be used to find all genes
from chromosomes 1, 2 and X:

chrl 10 100 genel 10 +
chrli 350 500 gene2 1000 -
chr2 20 35 gene3 0 +
chr2 110 200 Gene4 4 =
chrX 60 90 Gene7 2 +
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Or just the autosomes may be of interest. To do this we introduce two new features:

* Ranges can be given in square brackets, for example [1-5] will match 1, 2, 3, 4 or 5.

* The plus sign "+" has a special meaning that is similar to "*". Instead of any number of matches
(including zero), it looks for at least one match. To avoid simply matching a plus sign, it must
be preceded by a backslash: "\+". For example, the regular expression 'AC\+G' will match
ACG, ACCG, ACCCG etc (but will not match AG).

Warning: Adding a backslash is often called escaping (e.g. escape the plus symbol). Depending on the
software you're using (and the options you give it), you may need to escape the symbol to indicate
that you want its special regex meaning (e.g. multiple copies of the last character please) or it's
literal meaning (e.g. give me a '+' symbol please). If your command isn't working as you expect, try
playing with these options and always test your regular expression before assuming it gave you the
right answer.

The command to find the autosomes is:

grep $' chr[0-9]\+\t' gene_expression.bed

chrli 10 100 genel 10 +
chrl 350 500 gene2 1000 -
chr2 20 35 gene3 0 +

chr2 110 200 Gene4 4 -
chr3 1000 2000 geneb5 100 +
chri0 1 100 gene6 11 -

3.3 Other grep options

The Unix command grep and regular expressions are extremely powerful and we have only scratched
the surface of what they can do. Take a look at the manual (by typing man grep) to get an idea. A
few particularly useful options are discussed below.

3.3.1 Counting matches

A common use-case is counting matches within files. Instead of output each matching line, the
option "-c" tells grep to report the number of lines that matched. For example, the number of genes
in the autosomes in the above example can be found by simply adding -c to the command.

grep —c¢ $'"chr[0-9]\+\t' gene_expression.bed

3.3.2 Case sensitivity

By default, grep is case-sensitive. It can be useful to ignore the distinction between upper and lower
case using the option "-i". Suppose we have a file of sequences, and want to find the sequences that
contain the string ACGT. It is not unusual to come across files that have a mix of upper and lower
case nucleotides. Consider this FASTA file:
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cat sequences.fasta

>sequencel
aACGTaaacaca
>sequence?2
TacgtAAAAA
>sequence3d
AAAAAAAA
>sequence4
agcACgtAA

A simple search for ACGT will not return all the results:

grep ACGT sequences.fasta

aACGTaaacaca

However, making the search case-insensitive solves the problem.

grep -i ACGT sequences.fasta

aACGTaaacaca
TacgtAAAAA
agcACgtAA

3.3.3 Searching in more than one file

So far, we have restricted to searches in one file, but grep can be given a list of files in which
to search. As an example, we are given three files called 1ist_example.1, list_example.2, and
list_example.3. They are simple lists of genes, for illustrative purposes. For example, the first file
looks like this:

cat list_example.1l

Qg 09 08 09 0%
o O ©O O O
8 B8 B8 B8 B
®© ®© ® O O
g WN -

Which files contain "genel"?

grep '“genel$' list_example.l list_example.2

list_example.l:genel

genel only appears in the file 1ist_example.1. The output format of grep has now changed, be-
cause it was given a list of files. The format is:
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¢ filename:line_that matches
ie, the name of the file has been added to the start of each matching line.

For convenience, there's also a way of specifying all of the list examples:

echo list_example. *

list_example.l list_example.2 list_example.3

grep '“genel$' list_example.*
list_example.l:genel

How about gene42?

grep '~gene42$' list_example.*

list_example.2:gene4?2
list_example.3:gene4d?2
list_example.3:gene4?2

gene42 appears once in list_example.2 and twice in 1ist_example. 3.

3.3.4 Inverting matches

By default, grep reports all lines that do match the regular expression. Sometimes it is useful to
filter a file, by reporting lines that do not match the regular expression. Using the option "-v" makes
grep "invert" the output. For example, we could exclude genes from autosomes in the BED file from
earlier.

grep -v $'"chr[0-9]1\+\t' gene_expression.bed

chrX 60 90 Gene7 2 +
chrY 80 120 GENE8 42 =

3.4 Replacing matches to regular expressions

Finally, we show how to replace every match to a regular expression with something else, using the
command "sed". The general form of this is:

sed 's/regular expression/new string/' input_file

This will output a new version of the input file, with each match to the regular expression replaced
with "new string". For example:
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sed 's/“chr/chromosome/' gene_expression.bed

chromosomel 10 100 genel 10 +

chromosomel 350 500 gene2 1000

chromosome2 20 35 gene3 O +
chromosome2 110 200 Gened 4 -
chromosome3 1000 2000 gene5 100 +

chromosomel0 1 100 gene6 11 -
chromosomeX 60 90 Gene7 2 +
chromosomeY 80 120 GENE8 42 =
3.5 Exercises

The following exercises all use the FASTA file exercises.fasta. Before starting the exercises, open
a new terminal and navigate to the grep/ directory, which contains exercises.fasta.

Use grep to find the answers. Hint: some questions require you to use grep twice, and possibly
some other Unix commands.

1.

N A WD

Make a grep command that outputs just the lines with the sequence names.

How many sequences are in the file?

Do any sequence names have spaces in them? What are their names?

Make a grep command that outputs just the lines with the sequences, not the names.

How many sequences contain unknown bases (an "n" or "N'")?

Are there any sequences that contain non-nucleotides (something other than A, C, G, T or N)?
How many sequences contain the 5' cut site GCWGC (where W can be an A or T) for the
restriction enzyme Acel?

Are there any sequences that have the same name? You do not need to find the actual repeated
names, just whether any names are repeated. (Hint: it may be easier to first discover how
many unique names there are).

26



4 File processing with AWK

4 File processing with AWK

AWK is a programming language named after the initials of its three inventors: Alfred Aho, Pe-
ter Weinberger, and Brian Kernighan. AWK is incredibly powerful at processing files, particularly
column-bases files, which are commonplace in Bioinformatics. For example, BED, GFE, and SAM
files.

Although long programs, put into a separate file, can be written using AWK, we will use it directly
on the command line. Effectively, these are very short AWK programs, often called "one-liners".

Before we start, change into the Unix/awk directory and double check that the following commands
gives you a similar output:

pwd
1s

/home/manager/Module_3_Linux_Scripting/awk
answers.md awk.ipynb exercises.bed genes.gff

4.1 Extracting columns from files

awk reads a file line-by-line, splitting each line into columns. This makes it easy to do simple things
like extract a column from a file. We will use the following GFF file for our examples.

chrl sourcel gene 100 300 0.5 + 0 name=genel ; product=unknown

chrl source2 gene 1000 1100 0.9 - 0 name=rech;product=RecA protein
chrl sourceb repeat 10000 14000 1 + name=ALU

chr2 source2 gene 10000 1200 0.95 + 0

chr2 sourcel gene 50 900 0.4 - 0 name=gene?2;product=gene2 protein
chr3 sourcel gene 200 210 0.8 5 0 name=gene3

chr4  source3 repeat 300 400 1 + name=ALU

chr10 source2 repeat 60 70 0.78 + name=LINE1

chr10 source2 repeat 150 166 0.84 + name=LINE2

chrX sourcel gene 123 456 0.6 + 0 name=gene4 ; product=unknown

The columns in the GFF file are separated by tabs and have the following meanings:

—_

Sequence name

Source - the name of the program that made the feature

Feature - the type of feature, for example gene or CDS

Start position

Stop position

Score

Strand (+ or -)

Frame (O, 1, or 2)

Optional extra information, in the form keyl=valuel;key2=value2;...
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The score, strand, and frame can be set to . if it is not relevant for that feature. The final column
9 may or may not be present and could contain any number of key, value pairs.

We can use awk to just print the first column of the file. awk calls the columns $1, $2, ... etc, and
the complete line is called $0.

awk -F"\t" '{print $1}' genes.gff

chril
chril
chril
chr2
chr?2
chr3
chrd
chri10
chr10
chrX

A little explanation is needed.

* The option -F"\t" was needed to tell awk that the columns are separated by tabs (more on
this later).

* For each line of the file, awk does what is inside the curly brackets. In this case, we simply
print the first column.

The repeated chromosome names are not nice. It is more likely to want to know just the unique
names, which can be found by piping into the Unix command sort.

awk -F"\t" '{print $1}' genes.gff | sort -u

chril
chri10
chr2
chr3
chr4
chrX

4.2 Filtering the input file

Similarly to grep, awk can be used to filter out lines of a file. However, since awk is column-based,
it makes it easy to filter based on properties of any columns of interest. The filtering criteria can be
added before the braces. For example, the following extracts just chromosome 1 from the file.

awk -F"\t" '$1=="chrl" {print $0}' genes.gff

chrl sourcel gene 100 300 0.5 + 0 name=genel ; product=unknown
chrl source2 gene 1000 1100 0.9 - 0 name=rech;product=RecA protein
chrl sourceb repeat 10000 14000 1 + 0 name=ALU

28



4 File processing with AWK 4.2 Filtering the input file

There are two important things to note from the above command:

1. $1=="chr1" means that column 1 must be exactly equal to "chrl". This means that "chr10" is
not found.

2. The "{print $0}" part only happens when the first column is equal to "chrl", otherwise awk
does nothing (the line gets ignored).

Awk commands are made up of two parts, a pattern (e.g. $1=="chr1") and an action (e.g. print
$0) which is contained in curly braces. The pattern defines which lines the action is applied to.

In fact, the action (the part in curly braces) can be omitted in this example. awk assumes that you
want to print the whole line, unless it is told otherwise. This gives a simple method of filtering based
on columns.

awk -F"\t" '$1=="chrl"' genes.gff
chrl sourcel gene 100 300 0.5 + 0 name=genel ; product=unknown
chrl source2 gene 1000 1100 0.9 - 0 name=rech;product=RecA protein
chrl sourceb repeat 10000 14000 1 + 0 name=ALU

You might remember using another of awk's defaults in a previous exercise. In that example we
supplied an action but no pattern. In this case, awk assumes that you want to apply the action to
every line in the file. For example:

awk -F"\t" '{print $1}' genes.gff

chril
chril
chril
chr2
chr?2
chr3
chrd
chri10
chr10
chrX

Multiple patterns can be combined using "&&" to mean "and". For example, to find just the genes
from chromosome 1:

awk -F"\t" '$1=="chrl" && $3=="gene"' genes.gff

chrl sourcel gene 100 300
chrl source2 gene 1000 1100

+ 0 name=genel ; product=unknown

0.5
0.9 - 0 name=rech;product=RecA protein

The entire line need not be printed (remember, if not specified, awk assumes a print $0). Suppose
we want only the sources of the genes on chromosome 1:

awk -F"\t" '$1=="chrl" && $3=="gene" {print $2}' genes.gff | sort -u
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sourcel
source?2

Similarly to using "&&" for "and", there is "| |" to mean "or". To find features that are repeats or made
by the tool "source2":

awk -F"\t" '$2=="source2" || $3=="repeat"' genes.gff
chrl source2 gene 1000 1100 0.9 - 0 name=rech;product=RecA protein
chrl sourceb5 repeat 10000 14000 1 + . name=ALU
chr2  source2 gene 10000 1200 0.95 + 0
chr4  source3 repeat 300 400 1 + name=ALU
chrl0 source2 repeat 60 70 0.78 + name=LINE1
chr10 source2 repeat 150 166 0.84 + name=LINE2

So far, we have only used strings for the filtering. Numbers can also be used. We could ask awk to
return all the genes on chromosome 1 that start before position 1100:

awk -F"\t" '$1=="chrl" && $3=="gene" && $4 < 1100' genes.gff

+ 0 name=genel ; product=unknown

chrl sourcel gene 100 300 0.
0 - 0 name=rech;product=RecA protein

5
chrl  source2 gene 1000 1100 o)
Instead of looking for exact matches to strings, regular expressions can be used. The symbol "~" is
used instead of "==". For example, to find all the autosomes, we need to use a regular expression for
matches to the first column. The regular expression is written between forward slashes.

awk -F"\t" '$1 ~ /“chr[0-9]1+$/' genes.gff

chrl sourcel gene 100 300 0.5 + 0 name=genel ; product=unknown

chrl source2 gene 1000 1100 0.9 - 0 name=rech;product=RecA protein
chrl sourceb repeat 10000 14000 1 + name=ALU

chr2 source2 gene 10000 1200 0.95 + 0

chr2 sourcel gene 50 900 0.4 - 0 name=gene?2;product=gene2 protein
chr3 sourcel gene 200 210 0.8 5 0 name=gene3

chr4  source3 repeat 300 400 1 + name=ALU

chr10 source2 repeat 60 70 0.78 + o name=LINE1

chr10 source2 repeat 150 166 0.84 + . name=LINE2

Like with grep, matches can be inverted. grep has the option -v, but with awk we use "!~" to mean

"does not match". This inverts the previous example:

awk -F"\t" '$1 !~ /“chr[0-9]+$/' genes.gff

chrX sourcel gene 123 456 0.6 + 0 name=gene4 ; product=unknown

If we do not specify a column, awk looks for a match anywhere in the whole line (it assumes we
wrote $0 ~ /regex/). So, in some sense, awk can be used as a replacement for grep:
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awk '/repeat/' genes.gff
chrl  sourceb repeat 10000 14000 1 + name=ALU
chr4  source3 repeat 300 400 1 + name=ALU
chrl0 source2 repeat 60 70 0.78 + name=LINE1
chr10 source2 repeat 150 166 0.84 + name=LINE2

(the -F"\t" was omitted because the match is to the whole line, so how the columns are separated
is not relevant.)

grep repeat genes.gff
chrl  sourceb repeat 10000 14000 1 + name=ALU
chr4  source3 repeat 300 400 1 + name=ALU
chr10 source2 repeat 60 70 0.78 + name=LINE1
chr10 source2 repeat 150 166 0.84 + name=LINE2

However, with awk we can easily pull out information from the matching lines. Suppose we want to
know which chromosomes have repeats. It is easy with awk.

awk -F"\t" '/repeat/ {print $1}' genes.gff | sort -u

chril
chri0
chr4

4.3 Sanity checking files

Never, ever trust the contents of Bioinformatics files (even if you made them!). We now have enough
skills to do some basic sanity checking of a GFF file. For example, to check that every gene has been
assigned a strand:

awk -F"\t" '$3=="gene" && !($7 == "+" || $7 == "-")' genes.gff

chr3 sourcel gene 200 210 0.8 5 0 name=gene3

Something went wrong when this file was made: gene3 has an unknown strand.

Do the start and end coordinates of all the features make sense?

awk -F"\t" '$5 < $4' genes.gff
chr2 source2 gene 10000 1200 0.95 + 0

According to the file, this gene starts at position 10000 and ends at position 1200, which does not
make sense. Also, it has no name (the final optional column is empty). We could check if there are
any other genes with no name. One way to do this is to use the special variable "NF", which is the
number of columns (fields) in the current line. Since the final column is optional, each line might
have 8 or 9 columns. We need to write a command that will check:
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* If the feature is a gene, and if it is:
¢ check if the number of columns is less than 9. When there are 9 columns, check if there is a
name defined.

awk -F"\t" '$3=="gene" && (NF<9 || $NF !~/name/)' genes.gff

chr2 source2 gene 10000 1200 0.95 + 0

Note the distinction between NF (the number of columns) and "$NF" (the contents of the final col-
umn).

As promised earlier, we now consider the relevance of the option "-F"\t"", to tell awk that the
columns in the input file are separated with tab characters. If we forgot to use this option, then awk
will use its default behaviour, which is to separate on any whitespace (which usually means tabs
and/or spaces). However, consider the final column of the file - it can contain whitespace, which
means that messy things happen. Suppose we try to extract the optional extra final column of the
file, when it is present. Compare the effect of running awk with and without "-F"\t"".

awk -F"\t" 'NF>8 {print $NF}' genes.gff

name=genel ; product=unknown
name=recA;product=RecA protein
name=ALU
name=gene2;product=gene2 protein
name=gene3

name=ALU

name=LINE1

name=LINE2
name=gene4 ; product=unknown

awk 'NF>8 {print $NF}' genes.gff

name=genel ; product=unknown
protein

name=ALU

protein

name=gene3

name=ALU

name=LINE1

name=LINE2

name=gene4; product=unknown

One more sanity check: each line should have 8 or 9 columns (remembering to use -F"\t"!)
awk -F"\t" 'NF<8 || NF>9' genes.gff
(no output)

There was no output, which means that every line does indeed have 8 or 9 columns.
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4.4 Changing the output

In addition to filtering, awk can be used to change the output.

Every value in a column could be changed to something else, for example suppose we want to change
the source column (column number 2) to something else.

awk -F"\t" '{$2="new_source"; print $0}' genes.gff

chrl new_source gene 100 300 0.5 + O name=genel;product=unknown

chrl new_source gene 1000 1100 0.9 - O name=recA;product=RecA protein
chrl new_source repeat 10000 14000 1 + . name=ALU

chr2 new_source gene 10000 1200 0.95 + O

chr2 new_source gene 50 900 0.4 - O name=gene2;product=gene2 protein
chr3 new_source gene 200 210 0.8 . O name=gene3

chr4 new_source repeat 300 400 1 + . name=ALU

chr10 new_source repeat 60 70 0.78 + . name=LINE1

chrl0 new_source repeat 150 166 0.84 + . name=LINE2

chrX new_source gene 123 456 0.6 + O name=gene4;product=unknown

This is close, but look carefully at the output. What happened? The output is not tab-separated, but
is instead separated with spaces. To restore the tabs, we need to use another special variable called
"0FS" (Output Field Separator), and change it before awk does any processing of the input file. This
can be achieved by adding "BEGIN{OFS="\t"}", as in the next example. Before awk reads any lines
of the file it runs the BEGIN block of code, which in this case changes OFS to be a tab character.

awk -F"\t" 'BEGIN{0FS="\t"} {$2="new_source"; print $0}' genes.gff

chril new_source gene 100 300 0.5 + 0 name=genel ; product=unknown
chrl new_source gene 1000 1100 0.9 - 0 name=recA;product=RecA pro
chrl new_source repeat 10000 14000 1 + . name=ALU

chr2 new_source gene 10000 1200 0.95 + 0

chr2 new_source gene 50 900 0.4 - 0 name=gene2;product=gene2 p
chr3 new_source gene 200 210 0.8 5 0 name=gene3

chr4 new_source repeat 300 400 1 + name=ALU

chrl0 new_source repeat 60 70 0.78 + name=LINE1

chr10 new_source repeat 150 166 0.84 + name=LINE2

chrX new_source gene 123 456 0.6 + 0 name=gene4 ; product=unknow

4.5 Processing the data

More in-depth processing is possible. For example, we could print the length of each repeat (and
then sort the results numerically)

awk -F"\t" '$3=="repeat" {print $5 - $4 + 1}' genes.gff | sort -n

11
17
101
4001
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Perhaps we would like to know the total length of the repeats. We need to use a variable to add up
the total lengths and print the final total. In the same way that awk has a BEGIN block, it can also be
given an END block that is only run when awk has finished reading all lines of the input file.

awk -F"\t" 'BEGIN{sum=0} $3=="repeat" \

{sum = sum + $56 - $4 + 1} \
END{print sum}' genes.gff

4130

The total repeat length was stored in a variable called sum. The previous awk command can be
broken down into three parts:

1. The BEGIN{sum=0} sets sum to zero before any lines of the file are read.
2. awk reads each line of the file. Each time a repeat is found, the length of that repeat is added
to sum.

3. Once all lines of the file have been read, awk runs the END block: END{print sum}. This prints
the value of sum.

In fact, the command can be shortened a little. Adding a number to a variable is so common, that
there is a shorthand way to write it. Instead of

sum = sum + $5 - $4 + 1
we can use
sum += $5 - $4 + 1

to get the same result.

awk -F"\t" 'BEGIN{sum=0} \

$3=="repeat" {sum += $5 - $4 + 1} \
END{print sum}' genes.gff

4130

Maybe we would like to know the mean score of the genes. We need to calculate the total score, and
divide this by the number of genes. To keep track of the number of genes, we use a variable called
count. Each time a new gene is found, 1 must be added to count. This could be done by writing

count = count + 1
but instead we will use the shorthand

count++

awk -F"\t" 'BEGIN{sum=0; count=0} \

$3=="gene" {sum += $6; count++} \
END{print sum/count}' genes.gff

0.691667
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Finally, awk has a default behaviour that means we do not even need the BEGIN block. It can be
completely omitted in this example because we are setting sum and count to zero. The first time
awk sees a variable being used, it will set it to zero by default. For example, when awk reads the first
line of the file, the piece of code

count++

tells awk to add 1 to count. However, if awk has not encountered the variable count before, it
assumes it is zero (as if we had written BEGIN{count=0}), then adds 1 to it. The result is that count
is equal to 1. Similar comments apply to the variable sum.

awk -F"\t" '$3=="gene" {sum += $6; count++} \

END{print sum/count}' genes.gff

0.691667

If this confuses you, then be explicit and use the BEGIN block of code. The result is the same.

4.6 Exercises

The following exercises all use the BED file exercises.bed. Before starting the exercises, open a
new terminal and navigate to the awk/ directory, which contains exercises.bed.

Use awk to find the answers to the following questions about the file exercises.bed. Many questions
will require using pipes (eg "awk ... | sort -u"for question 1).

1. What are the names of the contigs in the file?
How many contigs are there?
How many features are on the positive strand?
How many features are on the negative strand?
How many genes are there?
How many genes have no strand assigned to them (ie the final column is not there)?
Are any gene names repeated? (Hint: you do not need to find their names, just a yes or no
answer. Consider the number of unique gene names.)
What is the total score of the repeats?
9. How many features are in contig-1?
10. How many repeats are in contig-1?
11. What is the mean score of the repeats in contig-1?

N AW

®
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5 BASH scripts

So far, we have run single commands in a terminal. However, it is useful to be able to run multiple
commands that process some data and produce output. These commands can be put into a separate
file (ie a script), and then run on the input data. This has the advantage of reproducibility, so that
the same analysis can be run on many input data sets.

5.1 First script

It is traditional when learning a new language (in this case BASH), to write a simple script that says
"Hello World!". We will do this now.

First, open a terminal and make a new directory in your home called scripts, by typing

cd
mkdir ~/scripts

Next open a text editor, which you will use to write the script. What text editors are available will
depend on your system. For example, gedit in Linux. Do not try to use a word processor, such as
Word! If you don't already have a favorite, try gedit by running the following command:

gedit &
Type this into the text editor:
echo Hello World!

and save this to a file called hello.sh in your new scripts directory. This script will print Hello
World! to the screen when we run it. First, in your terminal, check that the script is saved in the
correct place.

cd scripts
1s hello.sh

hello.sh

If everything is OK, then next try to run the script. For now, we need to tell Unix that this is a bash
script, and where it is:

bash hello.sh

Hello World!

5.2 Setting up a scripts directory

It would be nice if all our scripts could simply be run from anywhere in the filesystem, without
having to tell Unix where the script is, or that it is a BASH script. This is how the built-in commands
work, such as cd or 1s.

To tell Unix that the script is a BASH script, make this the first line of the script:
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#!/usr/bin/env bash

and remember to save the script again. This special line at the start of the file tells Unix that the file
is a bash script, so that it expects bash commands throughout the file. There is one more change to
be made to the file to tell Unix that it is a program to be run (it is "executable"). This is done with
the command chmod. Type this into the terminal to make the file executable:

chmod +x hello.sh

(no output)

Now, the script can be run, but we must still tell Unix where the script is in the filesystem. In this
case, it is in the current working directory, which is called ". /".

./hello.sh

Hello World!

The final thing to do is change our setup so that Unix can find the script without us having to
explicitly say where it is. Whenever a command is typed into Unix, it has a list of directories that it
searches through to look for the command. We need to add the new scripts directory to that list of
directories. Try typing

echo $PATH

It returns a list of directories, which are all the places Unix will look for a command. Before we add
the scripts directory to this list, check what happens if we try to run the script without telling Unix
where it is:

hello.sh
bash: hello.sh: command not found

Unix did not find it! The command to run to add the scripts directory to $PATH is:
export PATH=$PATH:~/scripts/

If you want this change to be permanent, ie so that Unix finds your scripts after you restart or logout
and login again, add that line to the end of a file called ~/.bashrc. If you are using a Mac, then
the file should instead be ~/.bash_profile. If the file does not already exist, then create it and put
that line into it.

The following command is only here so that this notebook finds scripts correctly and the remaining
examples work. Do not type the next command into your terminal.

PATH=$PATH: $PWD # do not type this into your terminal!

(no output)

Now the script works, no matter where we are in the filesystem. Unix will check the scripts directory
and find the file hello.sh. You can be anywhere in your filesystem, and simply running

hello.sh

will always work. Try it now.
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hello.sh

Hello World!

In general, when making a new script, you can now copy and edit an existing script, or make a new
one like this:

cd ~/scripts

touch my_script.sh

chmod +x my_script.sh

and then open my_script.sh in a text editor.

5.3 Getting options from the terminal and printing a help message

Usually, we would like a script to read in options from the user, such as the name of an input file.
This would mean a script can be run like this:

my_script.sh input_file

Inside the script, the parameters provided by the user are given the names $1, $2, $3 etc (do not
confuse these with column names used by awk!). Here is a simple example that expects the user to
provide a filename and a number. The script simply prints the filename to the screen, and then the
first few lines of the file (the number of lines is determined by the number given by the user).

cat options_example.sh

#!/usr/bin/env bash

echo filename is: $1
echo

echo First $2 lines of file $1 are:
head -n $2 $1

options_example.sh test_file 2

filename is: test_file

First 2 lines of file test_file are:
test file line 1
test file line 2

The options have been used by the script, but the script itself is not very readable. It is better to use
names instead of $1 and $2. Here is an improved version of the script that does exactly the same as

the previous script, but is more readable.

cat options_example.2.sh

w
(00]
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#!/usr/bin/env bash
filename=$1
number_of_lines=$2

echo filename is: $filename
echo

echo First $number_of lines lines of file $filename are:
head -n $number_of lines $filename

5.4 Checking options from the user

The previous scripts will have strange behaviour if the input is not as expected by the script. Many
things could go wrong. For example:

* The wrong number of options are given by the user
* The input file does not exist.

Try running the script with different options and see what happens.

A convention with scripts is that it should output a help message if it is not run correctly. This shows
anyone how the script should be run (including you!) without having to look at the code inside the
script.

A basic check for this script would be to verify that two options were supplied, and if not then print
a help message. The code looks like this:

if [ $# -ne 2 ]

then
echo "usage: options_example.3.sh filename number_of_lines"
echo
echo "Prints the filename, and the given first number of lines of the file"
exit

fi

You can copy this code into the start of any of your scripts, and easily modify it to work for that
script. A little explanation:

* A special variable $# has been used, which is the number of options that were given by the
user.

* The whole block of code has the form "if [ $# -ne 2 ] then .... fi". This only runs the
code between the then and fi, if $# (the number of options) is not 2.

* The line exit simply makes the script end, so that no more code is run.

options_example.3.sh
usage: options_example.3.sh filename number_of_lines

Prints the filename, and the given first number of lines of the file

Another check is that the input file really does exist. If it does not exist, then there is no point in
trying to run any more code. This can be checked with another if ... then ... fi block of code:
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if [ ! -f $filename ]

then
echo "File '$filename' not found! Cannot continue"
exit

fi

Putting this all together, the script now looks like this:

cat options_example.3.sh

#!/usr/bin/env bash
set -eu

# check that the correct number of options was given.

# If not, then write a message explaining how to use the
# script, and then exit.

if [ $# -ne 2 ]

then
echo "usage: options_example.3.sh filename number_of_lines"
echo
echo "Prints the filename, and the given first number of lines of the file"
exit
fi

# Use sensibly named variables
filename=3$1
number_of_lines=$2

# check if the input file exists

if [ ! -f $filename ]

then
echo "File '$filename' not found! Cannot continue"
exit

fi

# If we are still here, then the input file was found
echo filename is: $filename
echo

echo First $number_of lines lines of file $filename are:
head -n $number_of_lines $filename

Two new features have also been introduced in this file:

1. The second line is "set -eu". Without this line, if any line produces an error, the script will
carry on regardless to the end of the script. Using the -e option, an error anywhere in the file
will result in the script stopping at the line that produced the error, instead of continuing. In
general, it is best that the script stops at any error. The -u creates an error if you try to use a
variable which doesn't exist. This helps to stop typos doing bad things to your analysis.

2. There are several lines starting with a hash #. These lines are "comment lines" that are not
run. They are used to document the code, containing explanations of what is happening. It is
good practice to comment your scripts!
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The above script provides a template for writing your own scripts. The general method is:

1. Tell Unix that this is a BASH script, and to stop at the first error.

2. Check if the user ran the script correctly. If not, output a message telling the user how to run
the script.

3. Check the input looks OK (in this case, that the input file exists).

4. Process the input.

5.5 Using variables to store output from commands

It can be useful to run a command and put the results into a variable. Recall that we stored the
input from the user in sensibly named variables:

filename=$1

The part after the equals sign could actually be any command that returns some output. For example,
running this in Unix

wc -1 filename | awk '{print $1}'

returns the number of lines. In case you are wondering why the command includes | awk '{print
$1}', check what happens with and without the pipe to awk:

wc -1 options_example.3.sh

31 options_example.3.sh

wc -1 options_example.3.sh | awk '{print $1}'
31

With a small change, this can be stored in a variable and then used later.

filename=options_example.3.sh

line_count=$(wc -1 $filename | awk '{print $1}')
echo There are $line count lines in the file $filename

There are 31 lines in the file options_example.3.sh

5.6 Repeating analysis with loops

It is common in Bioinformatics to run the same analysis on many files. Suppose we had a script that
ran one type of analysis, and wanted to repeat the same analysis on 100 different files. It would be
tedious, and error-prone, to write the same command 100 times. Instead we can use a loop. As an
example, we will just run the Unix command wc on each file but instead, in reality this would be a
script that runs in-depth analysis. We can run wc on each of the files in the directory loop_files/
with the following command.
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for filename in loop_files/*; do wc $filename; done

2 28 loop_files/file.1

0 70 loop_files/file.2
4 84 loop_files/file.3
4 14 loop_files/file.4

0 0 0 loop_files/file.5

8
52
6 2
1

5.7 Exercises

1. Write a script that gets a filename from the user. If the file exists, it prints a nice human-
readable message telling the user how many lines are in the file.

2. Use a loop to run the script from Exercise 1 on the files in the directory loop_files/.

3. Write a script that takes a GFF filename as input. Make the script produce a sum-
mary of various properties of the file. There is an example input file provided called
bash_scripts/exercise_3.gff. Use your imagination! You could have a look back at the
awk section of the course for inspiration. Here are some ideas you may wish to try:

* Does the file exist?
* How many records (ie lines) are in the file?
* How many genes are in the file?

¢ Is the file badly formatted in any way (eg wrong number of columns, do the coordinates look
like numbers)?
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6

6.1

pwd
1s #
1s

1s £
1s -

cd .
cd .
cp -
mv b
rm -
find

6.2

less
grep

head
tail
cat
wC —
sort
awk

6.3

grep
grep
grep
grep
grep
grep

grep

6.4

awk
awk
awk
awk

UNIX Quick Reference Guide

Looking at files and moving them around

# Tell me which directory I'm in

What else is in this directory

. # What is in the directory above me

oo/bar/ # What is inside the bar directory which is inside the foo/ directory
lah foo/ # Give the the details (-1) of all files and folders (-a) using human

# readable file sizes (-h)

./.. # Move up two directories

./foo/bar # Move up one directory and down into the foo/bar/ subdirectories
r foo/ baz/ # Copy the foo/ directory into the baz/ directory

az/foo .. # Move the foo directory into the parent directory
r ../foo # remove the directory called foo/ from the parent directory

foo/ -name "x.gff" # find all the files with a gff extension in the directory foo/

Looking in files

bar.bed # scroll through bar.bed
chrom bar.bed | less -S # Only look at lines in bar.bed which have 'chrom' and
# don't wrap lines (-S)

-20 bar.bed # show me the first 20 lines of bar.bed

-20 bar.bed # show me the last 20 lines
bar.bed # show me all of the lines (bad for big files)

1 bar.bed # how many lines are there
-k 2 -n bar.bed # sort by the second column in numerical order
{print $1}' bar.bed | sort | uniq # show the unique entries in the first column

Grep

foo bar.bed # show me the lines in bar.bed with 'foo' in them
foo baz/* # show me all examples of foo in the files immediately within baz/
-r foo baz/ # show me all examples of foo in baz/ and every subdirectory within it
'"foo' bar.bed # show me all of the lines begining with foo
'foo$' bar.bed # show me all of the lines ending in foo
-i '“[acgt]$' bar.bed # show me all of the lines which only have the characters
# a,c,g and t (ignoring their case)
-v foo bar.bed # don't show me any files with foo in them

Awk

'{print $1}' bar.bed # just the first column

'$4 ~ /~foo/' bar.bed # just rows where the 4th column starts with foo

'$4 == "foo" {print $1}' bar.bed # the first column of rows where the 4th column is foo
-F"\t" '{print $NF}' bar.bed # ignore spaces and print the last column
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awk -F"\t" '{print $(NF-1)}' bar.bed # print the penultimate column

awk '{sum+=$2} END {print sum}' bar.bed # print the sum of the second column

awk '/“foo/ {sum+=$2; count+=1} END {print sum/count}' bar.bed # print the average of the
# second value of lines startin,
# with foo

6.5 Piping, redirection and more advanced queries

grep -hv '“#' bar/*.gff | awk -F"\t" '{print $1}' | sort -u
# grep => -h: don't print file names

# -v: don't give me matching files

# '"#': get rid of the header rows

# 'bar/*.gff': only look in the gff files in bar/
# awk => print the first column

# sort => -u: give me unique values

awk 'NR)%10 == 0' bar.bed | head -20

# awk => NR: is the row number

# NR%10: is the modulo (remander) of dividing my 10
# awk is therefore giving you every 10th line

# head => only show the first 20

awk '{1=($3-$2+1)F; (1<300 && $2>200000 && $3<250000)' exercises.bed

Gives:

contig-2 201156 201359 gene-67 24.7 -

contig-4 245705 245932 gene-163 24.8 +

Finds all of the lines with features less than 300 bases long which start
after base 200,000 and end before base 250,000

Note that this appears to have the action before the pattern. This is
because we need to calculate the length of each feature before we use it
for filtering. If they were the other way around, you'd get the line
immediatly after the one you want:

awk '(1<300 && $2>200000 && $3<250000) {1=($3-$2+1); print $0}' exercises.bed
# Gives:

# contig-2 201156 201359 gene-67 24.7 -

# contig-2 242625 243449 gene-68 46.5 +

H HF H H H H HFE H H

6.6 A script

#!/usr/bin/env bash

set -e # stop running the script if there are errors

set —u # stop running the script if it uses an unknown variable

set -x # print every line before you run it (useful for debugging but annoying)

if [ $# -ne 2 ]
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then

echo "You must provide two files"

exit 1 # exit the programme (and number > O reports that this is a failure)
fi

file one=$1
file two=$2

if [ ! -f $file_one ]

then
echo "The first file couldn't be found"
exit 2

fi

if [ ! -f $file_two ]

then
echo "The second file couldn't be found"
exit 2

fi

# Get the lines which aren't headers,

# take the first column and return the unique values
number_of_contigs_in_one=$(awk '$1 !~ /"#/ {print $1}' $file_one | sort -u | wc -1)
number_of_contigs_in_two=$(awk '/~ ["#]/ {print $1}' $file_two | sort -u | wc -1)

if [ $number_of_contigs_in_one -gt $number_of_contigs_in_two ]
then
echo "The first file had more unique contigs than the second"
exit
elif [ $number_of_contigs_in_one -1t $number_of_contigs_in_two ]
then
echo "The second file had more unique contigs"

exit

else
echo "The two files had the same number of contigs"
exit

fi

6.7 Pro tips

* Always have a quick look at files with 1ess or head to double check their format

* Watch out for data in headers and that you don't accidentally grep some if you don't want
them

* Watch out for spaces, especially if you're using awk; if in doubt, use -F"\t"
* Regular expressions are wierd, build them up slowly bit by bit

* If you did something smart but can't remember what it was, try typing history and it might
have a record
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* man the_name_of_a_command often gives you help
* Google is normally better at giving examples (prioritise stackoverflow.com results, they're nor-
mally good)

6.8 Build commands slowly

If you wanted me to calculate the sum of all of the scores for genes on contig-1 in a bed file, I'd
probably run each of the following commands before moving onto the next:

head -20 bar.bed # check which column is which and if there are any headers

head -20 bar.bed | awk '{print $5}' # have a look at the scores

awk '{print $1}' bar.bed | sort -u | less # check the contigs don't look wierd

awk '{print $4}' bar.bed | sort -u | less # check the genes don't look wierd

awk '$4 ~ /gene-/' bar.bed | head -20 # check that I can spot genes

awk '($1 == "contig-1" && $4 ~ /gene-/)' bar.bed | head -20 # check I can find
# genes on contig-1

# check my algorithm works on a subset of the data

head -20 bar.bed | awk '($1 == "contig-1" && $4 ~ /gene-/) {sum+=$5}; END {print sum}'
# apply the algorithm to all of the data
awk '($1 == "contig-1" && $4 ~ /gene-/) {sum+=$5}; END {print sum}' bar.bed

6.9 Which tool should | use?

You should probably use awk if:

* your data has columns
* you need to do simple maths

You should probable use grep if:

* you're looking for files which contain some specific text (e.g. grep -r foo bar/: look in all
the files in bar/ for any with the word 'foo")

You should use find if:

* you know something about a file (like it's name or creation date) but not where it is
* you want a list of all the files in a subdirectory and its subdirectories etc.

You should write a script if:

* your code doesn't fit on one line

* it's doing something you might want to do again in 3 months

* you want someone else to be able to do it without asking loads of questions
* you're doing something sensitive (e.g. deleting loads of files)

* you're doing something lots of times

You should probably use less or head:

* always, you should always use less or head to check intermediary steps in your analysis
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Module 4
Mapping Short Reads

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
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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 91 million new cases in 1999. 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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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 Illumina
sequence reads up to 100bp, while the rest two for longer sequences ranged from 70bp
to 1IMbp. 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
Burrows-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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FASTQ sequence file format

8 06 X| ssh

Each sequence read is RIL7_1788:5:1:59:769/1
. GATATAGGARACT TCARRATGGAATARARAATARARTARTATATARRTARATAR
represented by 4 lines

+
PIDIPIIIIIIIIIIIIIrIrrr 220 r > {LL{{{E6EEEEEEEE6EE6646666
BIL/_1788:5:131501305/1
GTTCARGCCARGCTCTTGATCCCCARRARTAARRTAARTATTATTTTCTGAACARG

N
/1- IL7_1788:5:1:34:600 m SISO IIIIIIIIIIIINS (L <BEEBEEEE)BEEE264654

is the name of a sequence read QIL7_1788:5:1:1311453/1
. GARRARACARAATTCTCCATATTTTCCGARARAACTCCATTTATAATATCTATA
where the numbers of interest

include: IL7 is the sequencing

+
PIDIIIIIIIIIIIIIIIIIII Iy < L{{{bbBEEEEEEEEEEEEEE64
BIL7_1788:5:1:34:600/1

machine, while 1788:5 indicate GTCATTTTTTATCTTACTTATGACTATATCTARAACTACGGARTATATATCTTG
N

the run and lane. /1 and /2 at the | 5555555555505 55 << ERERER2EEEEEE654564

end of the line indicate forward QIL7_1788:5:1:132:541/1

GTAARTACCTTGAATGTTATCTCTTAARATTTTTCTGTGTCTCTTAGCTCCTCCT

and reverse (paired-end) reads, +
. DIIIIIIIIIIIIIIIIIIIIIIIIILOPILLLLEEBEEEE664666266246
respectively. The screenshot here RIL7 1788:5:1:203:677/1

shows only forward reads. . GCATCGGCARATCTGTTTAATTCTTTTTTATATARACTATTTTTATATGTTTAT

;L»»»»z>>>>>_>>>>>>>>>>>><<<<<BSBBBBBSBSBBSBBBBBS

RIL7_1788:5:1:34:600/1

[ 2. The read sequence GTCATTTTTTATCTTACTTATGACTATATCTARRARCTRCGGARTATATATCTTG
+

PIPIIIIIIIIIII22222 2222000022 L{{{bbbbbb2bEEEEEER4E04

3. Sequence/quality
line separator

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

nucleotide. The characters relate to a sequence quality
score €.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.

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’ .

)
B
)
a
B
‘
[ ]
B
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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.

™ @ 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 (LI~/Module_2 Mapping$) to return before proceeding to Stage 2.

@S @ Terminal
bwa index L2_cat.fasta

bwa_index] Pack FASTA... 0.01 sec
bwa_index] Construct BWT for the packed sequence...
bwa_1index] 0.21 seconds elapse.

bwa_1index] Update BWT... 0.01 sec

bwa_index] Pack forward-only FASTA... 0.00 sec
bwa_1index] 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
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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):
COObwa mem L2_cat.fasta NV_1.fastq.gz NV_2.fastq.gz > mapping.sam

S @ Terminal

bwa mem L2_cat.fasta NV_1.fastq.gz NV_2.fastq.gz > mapping.sam

::bwa_1idx_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)

case 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. sam determines 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 samtools or 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.
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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

contained in such files.

Bitwise flag with

read pair

information

Mapping
quality

Chromosome/

mapping reference

information

Alignment

sequence to
which read has

Left-most

Query name,
1.e. name of
sequence read

mapping
position of
read

been mapped

Left-most
mapping
position of
read mate

Sequence to
which read mate
has been mapped
(‘=" means same)

ONAME VY

IL23 4880:2:1:13282:2618#11
ATGACAAGGCTTCCATTACTAAAACGACCTCGCAGAAACCGAAAAAGTGCAGCCGTTCGATCTATAATTCAAGAAACCCAACTCTGTTCTAGTGACTTGATCTGGCCC
;BBBBBBBBBBBBBBBBBBBBB@BBABBB@BBBBBA@BBBBAB@BBBBBBB@;@BB@B@BBIABB@ABBBB4?B@@B>@ QRA:@=8@;A>80>=Q
X0:1:0

BEBEBBBBBEBH]

XT:A:U NM:i
IL23_4880:2:
TGACAAGGCTTC
CCCcccccececcecce

XT:A:U NM:if

IL23 4880:2:
GAGAGTATGCCT
AAA??C2B?AAC

XT:A:U NM:if:

IL23_4880:2:
TTGATCTGGCCC]
GBAA-BREEQ3A

XT:A:U NM:if:

FB@BB@;@BBA=B@B@@<B@

FLAG
163

RNAME POS
AM884176.1 1

X1:1:0 XM:i:0
AM884176.1 2 At

0 SM:i:37 AM:1:37 X0:1i:14
13:17651:14038#11 99

0 SM:i:37 AM:1:37 X0:141 X1:i:0 XM:i:0

1:13282:26184#11 83 AM884176.1 148

0 SM:i:37 AM:1:37 ¥0:1:1 X1:i:0 XM:i:0

MAPQ
60

60

CATTACTAAAACGACCTCGCAGAAACCGAAAAAGTGCAGCCGTTEGATCTATAATTCAAGAAACCCAACTCTGTTCTAGTGACTTGATCTGGCCCA
CCCCCCCCCCCCCCCBACCCACACBCBCAABAAAAACCBABCAACBA=BAAAA??ABBA?A?AA=A7TAAAAA<A?AA?;?Q@
KO:1:0

60

FGAGTATACAGATGGAGTTTAGACATGGTCTCTAAAGAGTTAGAGAGACTTTGTACGATAGGATTGAAAGCAGTTATCCTCTTTCCTGTAATTGAT
=CB?CAC;=CCCCRACCCCJCCBCCCCCCCBCCCCCCCCCC?CCCCCCCCCccccccccaccccccceccecccee

KCAACCRACCAACA=B?AA=C
0 SM:i:37 AM:i:37 X0g4i:1 X1:i:0 XM:i:0 |[XO0:1:0
13:17651:14038#11 147 AM884176.1 97 60

ATCTTTCTTAAAGATGGCTCTGBGAATTCGAGAAGAAATAGAGAGTATGCCTGGAGTATACAGATGGAGTTTAGACATGGTCTCT.
BBB>BBEBBEEEBBBEBEEEBBB{B(BBBBBBBBBBBBB>BEBBEBBEBEBEBEBEEEEBEBEEEEEBRBEBEEBBBBBEB
X0:1i:0

CIGAR RNEXT PNEXT
108M 148

SEQ QUAL

XG:1:0 MD:2:108
108M 97

203

?AA??=A+6A><&
XG:1i:0 MD:2:108

108M = 1 -255

XG:1:0 MD:2:108

108M = 2 -203

XG:1:0 MD:2:108

DNA

sequence of
read

Quality of
each base

in read BWA

Mapping
tags of

Template length =

length of plus
distance between mates

Gext we want to change the file format from SAM to BAM. While files in SAM format\

with the alignments.

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 saves expensive storage space (sequence data are generated at an ever increasing
rate!) and reduces the time the computer has to wait for slow disk access to read or write
data.

Many visualization tools can read BAM files. But first a BAM file has to be sorted (by
chromosome/reference sequence and position) and indexed, which enables fast working
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Stage 3:
To convert our SAM format alignment into BAM format run the following command:

samtools view -g 15 -b -S mapping.sam > mapping.bam

7N

Flag: output in BAM format Flag: input in SAM format — note: this is a capital S

% Terminal

samtools view -q 15 -b -S mapping.sam > mapping.bam
samopen] SAM header is present: 2 sequences.

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 mapping.bam NV
Prefix for output file
This will take a little time to run.
By default the sorting is done by chromosomal/reference sequence and position.

© Terminal

samtools sort mapping.bam Nvl

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

samtools index NV.bam

samtools index NV.bam

Stage 6:
We are now ready to open up Artemis and view our newly mapped sequence data.




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.

Slopeimlyyon wil oy

have an Artemis WindOW File Entries Select View Goto Edit Create Run Graph Display
. . Entry: [v]L2 cat.fasta
llke th]s! Nothing selected
If not, please ask a LTI L I DETOEITEEE T R =
demonstrator fOI' 1 A T T A P
K L O A T U YT (R
+
AdDSI_LAIIUT., lmeau?e.l
|see |1s00 |2a00 |3200 |aee0 [EEE [s600 |sa00 |7200
@nce the L2_Cat.fasta iS a\ T T 1 A A 11 (LR A A
Concatenation OftWO DNA L T A 1 TRV L O V1 TR AT TR
(R | 1 A T T Y (AR I
sequences (chromosome . =
and plasmld) lt dl‘aWS two M T0 RG LF F'H LY L# KN RD PL RA RE NT RE KK SV AQ AP vF RD sL Ix IF OK EK 'rP QN |_S cv sL Sv DT L IS wG PP IS FF LL KK DM G‘A
. . D KASITHKTTSQKPEKKCSRSIYMNSRHNPTLFG+*LDLAHLSS$RMW
fe ature S autom atlc al ly to TGACAAGGC'I'I'CCA'ITAC';A(\)AAACGACCTCGCAGMAC(;%AAAMGTGCAGCCG‘ITCG%‘BCTATMHCAAGAAACCCEA(\)CTCTG'I'I'CTAGTGACFFG?‘I(’)%TGGCCCATCTITC‘I’TAA?[;%TGG(
h . TACTGTTCCGAAGGT AATGATTTTGCTGGAGCGTCTTTGGCTTTTTCACGTCGGCARGCT AGAT ATT AAGTTCTTTGGGT TGAGACAAGAT CACTGAACT AGACCGGGT AGAAAGAATTTCTACCC
represent t em’ one m SENCH SK Gw Nx S+ FF Rs GR RA Ls Fv Rs FF LT Ac AG TN Rs DR IY IN L SF VG WL ETR I_T Sv KQ ID 0P GG MD KK RK LF SI F

HCP A
h h \ S L A E MY CFGFFHLRETLG+LELFGVYRNGHHSSRAWRES$LH ST
orange and the other . >
fasta_record 1 1038842 AM8B4176.1
bI’OWI]. fasta_record 1038843 1046341  AMBE6278.1

(] >

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

@ ® @ Artemis Entry Edit: L2_cat.fasta

CI'Ck ‘F”e’ » File | Entries Select View Goto Edit Create Run Graph Display
th n ‘R Show File Manager ...
en ‘Read —

Read An Entry ...

3 .
An Ent Read Entry Into »
ry Read BAM / VCF ... L[] T T

Save Default Entry O L N Y O F e
Save An Entry

Save An Entry As : I A T A R AT (IR

Save All Entries

Write

® selectafile... 0 6400 7200
Clone This Window L L

Save As Image Files (png,| Look In: |3 Module_4_Mapping ‘v‘ I@E‘E TR T I

Print...
Rrintifneviev gBC:s (I O (I A TR AT AT
Open in DNAPlotter mataria

[} L2_cat. embl I (IR [T

Preferences

" |[) L2_cat. fasta

DLIWPTITFLZEKTDSGEG

vV T * S 6P S FLKMA

Single click

2 ¥ L DL AHLS #RW.I
to select TG TGAGTG{TCTGGCCCATCTTI‘(TI‘AA{GATGGC
20 100 120

EMBL flle TACTGTTCCGAAGGTAATGATTTTG 11 Mane: “‘2 cat.cabl — ACTGAACTAGACCGGGTAGAAAGAATTTCTACCG)
. ¥ L S G NS F R Files of Type: |Artenis files [v] s kT 06MKRLSPI
HCPKWSES+ F ¥ QDPGDEKEKTFTI A
S L A E MUYV L V- HSSRAWRE ® ®LHS

4 1 Cancel

|
fasta_record 1 1038842 AM3B4176.1

fasta_record 1038843 1046341 AMB86278.1

3 | Single click to open file in Artemis then wait

10



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!

Read in a
BAM file

Artemis Entry Edit: L2_cat.fasta
Ei'le\ Entries Select View Goto £dit Create Run Graph Display

Show File Manager ... ‘

Read An Entry ... 40 = complement (4302)
Read Entry Into »

X
o] EL) 7 6P oo I O e M R T NI A WA
Save Default Entry ctrl

-S red
S ) B »|! AR TN A Iasp(::bll L0 A 1 1
=0 L Efin] 55 S 1 1 T TV WA
CTLOGES

Save All Entries

Wi | [ 11

MEELe ' misc_feature feature

Clone This Window [z200 |5000| |ase0 [s600 |saca [7200 |sece |ssen |osen l1e
<

Save As Image Files (png/jpeg)... RNA- 413
[

Print... 01 B O |IItI||lII I e B

Print Preview

recB
open in DNAPLotter L 11 AR LT L B O
Preferences | e [ VCF View = Selec Files IR e RN T AR T RO T I TR

Dee3
Close BAM / VCF file:

| -

M T R L P LLKRPRERENRESF | Select. WP B T T WP T FLKDGS 6T REETESHWPGVY
* 0 GF HY #NDLGATETEK Mddtore \¥ T * SGPSFLKMALETFETKEKGTFRVYCLEY "
. D KA SITKTTSQgQKEPEKEK * L DL AHLSRMWLWNSRRNREYAWSTI
ETGACAAGGCTTCCATTACT AARACGACCTCOCAGRAACCGARRRAG) 0K ﬁGAC’I‘I’GATCTGGCCCATCTI'I‘C'I'I'AMGATGGCTCTGGAATI'CGAGAAGAMTAGAGAG’I‘ATGCCTGGAGTATAI

[20 lae oo = [1e0 [120 140 [160

TACTGTTCCGAAGGT ARTGATTTTGCTGGAGCGTCTTTGGCTTTTTCACGTCGGCAAGCT AGAT ATT AAGTTCTTTGGGT TGAGACAAGATCAN GAACTAGACCGGGT AGAAAGARTTTCTACCGAGACCTT AAGCTCT TCTTTATCTCTCATACGGACCTCATAT:
. ¥VLSGNSFRGRLFRFLAATRDTITI®*SVYWSO QELS\KIOQGMEKRLSPEPIRSSTISLTIGPT.Y
HCPKWS®#+FSRASYSFTCGNSRYHNLFGLETRTUVY\ODPGDEKEKTFTIARSHNSFFYLTHRSYYV

ﬁAJL A EMY LYYECFGFFHLRETIS+LELFGYRMNS+FHS S\SRAWREZ S®LHSQQFETLLTFLSYADQLTI
CRALl

2 Click Select

Look In: ’|j Module_4_Mapping ‘V‘ IE In: Ilj Module_4_Mapping \" E

— Select NV.bam |= et festentp ) WV.ban

I malaria f||e and CI|Ck Open laria [ L2_cat.fasta.pac [} NV.bam.bai |
[ L2b . ban (and then on OK) sai [y L2 cat.fasta.sa [)NV_1.fastq
[y mapping.bam , cat.embl [ L2b.bam [y nv_2.fastq |
[y nv. bam [ [} L2_candfasta [y L2b.bam.bai [y Rr.sai [
. [ L2_cat. fastasagh [) mapping.bam i
0 L2 cat.fasta.ann ping.sam [
/

File Name: [ // | | File Name: [ | |

Files of Type: ||BAr-| / NCF files / lv‘ Files of Type: |A11 Files |v‘

A
[ Open I ‘ Cancel ‘ | Open | l Cancel ‘

11



Module 4: Mapping Short Reads

-~

/You 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 software only depicts one. /

WT-Course [Running]
Artemis Entry Edit: L2_cat.fasta - fy @) 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: 1842040 = complement (4302)
4M884176.1 | v | [V] Hide

N R T — TR L AR O AR N T RN T RN LI TR NS
T R A TR I I LA T WL LHI I V1L |
R R I AR IR T RAT] R T I
e, | Use the sliders to scroll [T "——=W"
TR R TR through the genome and 0
RN METRIRY R ERIRT TN R e
[ = to zoom in and out. e i

»

INTRLPLLKRPRRNRKSAAVRSIIOETOLCSSDLIWPIFLKDG GIREEIES P G R
HY NDLAETEKVQPFDL FKKPNSVLVT*SGPSFLKMALEFEKK RVCLEYTDGV+j
TK Q P K KCS IY N TLF+ *L DL AHLS#RW.L R L) Q
TGD.CAAGGCl'rCCA‘I'I'ACI'MANCGAOCI'OGCNGAM.CCGMMAGFGCA.GCO(?I'I'DGATC[ATAA‘WCMGMACOCMC[CFGI‘FC[WGACI'FGATC[GGCCCATC!'I'I'CI'I'MAGATGGCI’C[GGMTFCGMAMAMTAGAGWATGCC[GGAGFATACAGATGGWA

TACTGI'I'CCGMGGTAATGA GCTGGAGCGTC GGC @CGTCGGCAAGCTAGATATI'MG‘ITC GGG'ITGAGACAhGATCACTGAhCTNGAOCGGGTAGAAAGAAWCFAOCGAGACCWMGCTGTC ATCTCTCATACGGACCFCATATGTCTACCTCAMT
Q

HcPwa+F5RASVSFTcGNSRYNLFGLETRTVODPGDKKFIARSNSFFVLTHRSVVSPT«

PPA0 GBlLh®

(1 )

fyou 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. j

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

1&2

= 1L3_2745:1:7:1590:1302

Mate Coordinates 547..583
Mate Length 37

isize=322

mapg=60 ; e "
3 rnane=AMES4176. 1 pate Reference llane  AGSa176.1
Mate erred Size
| I | II I I | T Strand_(read_/_mate)' LA [ | 11 W ate Mapping Quality 60
Add BaM ... Mate Cigar String 37M
B Mate Strand
L I m oo BAM files :
Analyse EIQ?S: te Read 5
= uplicate Read no
AMBB4176. 1 Views Read Paired yes
100 LZOO EDD |i100 Colour B First of Pair no
Y Mate Unmapped no
I T 1 Show Proper Pair yes
- Read Fails Vendor
Graph Quality Check no
1 (| 1 1 I3 Asynchronous Read Unmapped no
R Second Of Pair yes
11 | 11 11 1 I BamView Height
Read Bases:
o . ARAAAAGAACAATTTGGATCCTATGCGT CCCATCCTT
LI Filter Reads ...
List Reads ... Close
Clone window
Go to mate of : IL3_2745:1:7:1590:1302

Show details of : IL3 2745:1:7:1590:1302

12



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 1s 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

Entry:

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

Add BAM ...
BAM files
Analyse

Views
Colour By
Show

Graph

¥ Asynchronous

»

BamView Height

\

I I n I Filter Reads ... I I
Read Coverage Threshold ... | ?
AMBE4176. 1 ; i t
[108 |200 |300 gi;;j:::ow |60 [7e0 ree-tes ”@30
| | 111 | | | | 1 |
1 I 1 I 1 | 11 | I
11 | 11 11 1 | | | 11 —
<[] 0
e no X Filter Reads
By Mappying Quality (mapg) cut-off:
|
Reads with By SAM FLAG column:
|eSS than the Select helow to show or hide only the reads with
q the flag set.
map_pmg v Read Paired
qua“ty are A - Proper Pair / . .
not shown Filtering reads for
' HIDE |w Read Unmapped .. .
Try 60 repetitive regions or
i v Mate Unmapped . .
seeing properly-paired-
L 4 Read on Negative Strand
reads only can be
Mat N T St d
i : e:nf Ega THe SrrE really helpful.
v irst of Pair
HIDE the L 4 Second of Pair
proper pairs. v Not Primary Alignment
What v Read Fails Vendor Quality Check
happened? v Duplicate Read

oo |

13



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.

Artemis Entry Edit: L2_cat.fasta

WT-Course [Running]

- 1y ¢) 1824 2

File Entries Select View Goto Ed:
Entry: [v]L2 cat.fasta [v]L2 cat.enbl
One_selected base on reverse strand:
A1884176.1 | v | ] Hide

L T AT TR RATN TR

it Create Run Graph Display

1042040 = complement (4302)

[N e A W R MR AR NI
o o L T LT A T T A R T W

(RN R
i’vemE red
L L T AT A T AR L I\a\s\p? TR \II:NIIIIIHIIII LT T TR RV N HI
I

L0 NI
e

1D HI>
AMBE4176 1 mls: feature misc_feature feature
|100 |2400 |3200 Boool |as00 |ss00 “|ea0e |7200 |se00 (] |oso0 l10400 |11
TRNA- Ala misc_feature
L0 T R L AT Tt I I
rect
L \IIHH L I T AT R YA L 1 1 Y

(AR 1Al IH_\ L T AT RN T AT R AR |

LR A T | T I

recC
LI

E3) 100 120 140 160 1
e S s e
¥ Q s
GLETRTVODPGDKKFIARSNSFFYLTHRSYV

QP00 GBlLh®

SPTx

See below.

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.

WT-Course [Running]

- ) ¢) 1828 & %

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph

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

One selected base on reverse strand: 1042040

Display

= complement (4302)

You may have to
readjust the size of
the panels to see both
views at once. Make
the panels bigger by
clicking at the edge of
a panel and dragging
the window
downwards.

You may also need to
use this slider to
adjust the Stack View
too.

k

fH’ﬂIﬂI/I':NI TREEITITE e [ T R AT AR TN N

111 I\?HI TEE 0T R e /= L T YT U R TR

IE TEE T E IO W ey Hlalslp\ (] \II:MHII (L0 T AR T T T TR AR

[N BN
I

L)

113 H

I>
misc_feature feature
“|eace [7200

paco |a200 \5000‘ [EE) |ss00 |saco |ss00 |os00 \;%:o

mi,

Coverage

a
TRNA- 413
[0y T ] L1 1 LV 11 O 1

I e e \IHHIIr\eIC\EiI L R A O T A A R
(LR R T T T R

sead ¢

RNy TH F e
[ Y T N N N R T TR O] T R |

plot. Right
click for more

options.
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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 [v]L2 cat.embl
Nothing selected

Add BAM ...
BAM files
Analyse

Views

Colour By
Show

Graph

¥ Asynchronous

BamView Height

»
»
» DO Inferred Size
4
»
»

»| [J Coverage by Strand

¥ Stack
[0 Paired Stack
[0 strand Stack

[0 Coverage

[J Coverage Heat Map

Filter Reads ... Coverage Options » ]
) -
— T A |||||||% Read Coverage Threshold ... [WWTITITITT TTTTT T
I 1 R R TV AA R TR II?III List Reads ... I (N
Clone window aspC
O B 1 e s 3 {11
CTLGOB6 )
AMBS4176.1 misc_feature nisc_feature feature [
00 |1s00 |2a00 |z200 [Elelels [EES) a |s600 |sa00 |7200
tRNA-Ala
L (L W A A O TR
recB
L 1 A 1 TR AR T 11T A O W O N ATAT
TR T ke q YW R R AT [T
nqra CTLOGO3

<[]

vl

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.

~

/

Yo

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

100 |s00
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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.

(] Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: /L2 cat.fasta []L2 cat.embl
One_selected base on forvard strand: 2460

o I [4]
(T T T A B T T I O A (I

| [ [ I L e
I I |

1160 |2400 |2700 |3800 |3200 |3800 |z000 |a200 lasoo |iu‘

[ e (AR [ B I Il | | I |
L e e e T e L L O
I | e I [ | L1 1 T

[T D

/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 is calculated from the aligned positions
of the mates on the reference sequence (1). Optionally you can display the inferred insert
sizes on a log scale (2). Note that Illumina 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

Q) look for insertions and deletions as will be shown later in this Module. /

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 1

The read pairs are ordered along
the y-axis (3) according to their

inferred fragment size calculated
from the aligned positions of the

mates on the reference

Add BAM ... =
BAM files
Analyse »EE==—
Views »| @ Inferred Size
Colour By ¥ [0 Stack [ .
Show »( D Paired Stack T
_ Graph » [0 Strand Stack L
— ™ Asynchronous I3 Coverage =
2 BamView Height »| [ Coverage by Strand _ |
heng ¥ Use Log Scale [J Coverage Heat Map I [4]
CUCT e UL L] Filter Reads .. Coverage Options ||| | |
Read Coverage Threshold ...
[ O L FIH| List Reads ... I I [
T Clone window
AMBS4176.1 misc_feature| Go to mate of : IL3 2745:1:2:1691:1159
380 sa0 900 Show details of : IL3 2745:1:2:1691:1159 [2160 2480
| I [ A N I O [ O 1 | I B | [l
| il I Fr e ([l [ A W[ (!
N e U [ |
ngra CTLEEE3 | ¥
<] [»
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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

[0 Single Reads

T T AT T T T BT B
FEETHE 1 (R e T ;

[ T I | Ll AN (. | [ e

BamView Height »

Filter Reads ...
|300 |see |oee |1260 [1500 |r800 List Reads ... |2700 |3e00 |_330‘
Clone window

| e [ L [ | | L T | (R Il
| [l l T T Y O N 1 (] L 1 1 A I (A R
RN U [T Il I N
<[]
4 KN TERAILLTT*LFHS®SGHFTDRLYHEGEFHGESRDFTIFAARNYVYRI+RKUYLSGS

K KIPSVYVLSCS®#QPDYFTHN DI LRIGYITRDFMOGKTG GTILSLOQOQEMSLEYSETKSYOQE./\
K K Y R A C Y P WV N N | T T S | T RTF Y G + ¥V T S R G T S WV KGF Y | €S KK CR+NT A KSI TR K

AMBB4176.1

] =]l

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}

[y A U (R B (Y e e I I
(e rmm Il L 1 N B B B L | | B L I
I B T (T N [ | [ I | I [ T | A

AMBB4176.1

|z00 |60 |ooa [1200 [1500 |1800 [2100 |2a00 |2700 |3000 |z30

| (Nl o N | L T 1 O R MV LTl Il
I Il l [ I I ([l T e I O A N
RN U [ I | [

Kl

»|

[T

8.KNTERAILLTT*LFH#SGHFTDRLYHEGFHGSRDFIFAARNVVRI+RKVLSGS

KKIPSYVYLSC#QPDYFTNQDILRIGYTITRDFMGKT GILSLIQQEMSLEYSETZKTSYIQE

3

K K YR A CY P VNNI T T S T RTFYG+ VT SRGT S WV KGFY | CSKKCR+NT AKSI T RK! |
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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

be sequencing errors, although this would not always be true.

True
SNP?

Sequencing True
errors?

= ——3

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

64221

64121 64141 54161 64201
TGCGTTATGAAGAAGCGATTGCCTGTTTTGATCGAATTGCGCAGTTAGATCCATGGAATCCTCAR ;GTCTATACAATAAAGCGGTCA‘I'ITI'ATCAGATATGGAGGATGAGGAgngg TATTGATTTAT

L RY EEAIACFDRTIAQLDPWNPDIQ

CVMKKRLPVYLIELRSS+TIMHGIILH

GATTTAT
TTGGATCCATGGAATCCTCAR TTATCAGATATGGAGGAT GAGGAAGOCOCCATTOATT 4TI
TGCGTTATGAAGA GATTTAT]
TGCGTCATGAAGA 2 GATATGGAGGATGAGGMGGCGCCA TTGATTTAT|
TGICTT AAGCAGTCGTTTTATCAGATATGGAGGATGACOAAC0 i
TGCGTTATGAAGAA TCCATGGAATCCTCAR AATAAAGCAGTC GAAGGCGT CATTGATTTAT]
AGTTGGATCCATGGAATCCTCA, AATAA GGAGGATGAGGAAGGCGCCA' GATTTAT]
TGCGTTATGAAGAAGCARTTGCTTG GGTCTATACAAT AAAGCAGTCGTTTTATCAGATATGG AGGCGCCATTGATTTAT]
TGCGTTATGAAGAAGCAATTG CTCAROOTCT AT ACAAT AT COTTTTATCAGA  eAGGANGAGGAAGACAEE ATTGATTTAT]
CC’TCAAG ATACABTAAAGCAGTCGTTTTATCAG GGAGGATGAGGAAGGCGCCATTGATTTAT|
TGTTTTGATCGCATTGCGCAGTTGGATCCATO0AATC ATACAAT AAAGCAGTCGTTTTATCAGATATG ARGOCGCCAT] GATTTAT]
TeCaTT AT oA GAAGCARTTOCTT GATCCATGGAATCCTCMGG‘ CTATACAATA GTCGTTTTATCAGAT ATGGAGGAT GAGGAAGG TGATTTAT|
ATACAATAAAGCAGTC ATCAGATATGGAGGATGAGGAAGGCGCCA GATTTA,
ATACAAT AAAGCAGTCGT CCATTGATTTAT]
ATTACGCAGTTOGATCCATARAATECTCARGTCTA COTTTTATCAGATATGGAGOAT A ARAAGCO0CA T T
AGTTGGATCCATGGAATCCTCAAGGTCT AT ACARTA, ATCAGATATGGAGGATGAGGAAGGCGO‘A GAET [T
. GGTCTATACAA. AAAGCuG’FCGTFT‘FATCAGAT TGG  TGAGGA GGCG n GmTAT:
AGCTGGATCCATGGAST CCTCAAGGTCT AT ACAAT A COTTTTATCAGATATO0AO0ATOACAAC00 e TTAT]
TGCGTTATGAAGAAGCARTTGCTTGTTTTGATC AT COAATCCTCARCOTCT AT ACARTARAGCACTCCTT T AT ochGoAT CAdeAcacaceATT AT T AT
ATACAR, AAAGCuGTCG‘ITT‘FATCAGATATGGAGG GATTTAT|
TGCGTT GCAGTTGGATCCATGGAATCCTCAAGGTCT AT ACAR TTATCAGATATGGAGGATGAGGAAGGCGCCATTGATT
CAAGGTCTATACAAT AAAGCAGTCGTTTTATCAGAT ATTTAT S|
TOCCTITATGAAGAAGCAATTGCTTOITIT TGCAATCCTCAAGGTS CAN GCAGTCCTTT —J
AL *RSDCLF®*SNCAVYRSMESS S 1T Qg#SGHFTIRYGG®*GRERY*FI

[il»]

1 [Nk a v I LSDMETDTETETGASTITD.L

I KRSFYQIWRMRKALTLTIY

|6a120 |sa140 |sa160 |s4180 |64200

R # S S AIAQKSRTIACNSTGHTF

|64220
ACGCAATACTTCTTCGCT AACGGACAAAACT AGCTTAACGCGTCANTCT AGGTACCTT AGGAGTTCCAGAT ATGT T ATTTCGCCAGT AAAAT AGTCT ATACCTCCT ACTCCTTCCGCGATAACT ARAT A

A NHLLSQRNOQDFQATLDMSDELDTICYLPH*KTILYZPPHPLRS+QNTI

G* PRYLLATMEKDS STISSSSPATILISHK

Q TIFFRNGTI KTISMNRLS®S®IWPTIRLTS+VYIFRDNS®*TIMHLTILFASNTIG® |

| L]

/Many 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 would 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: L2 cat.fasta
3 selected bases on forward strand: 1040749..1046751

[~

BT T 1 T T e e M N [ A T
O T 11 1 1 A R AR AT T 1]l R A I ]
0 0 T Y TR 2 ORI TEREEERTnn 1 ||
AMES6278. 1 ! P
0 [1035208 |1035000 |1036800 |1037600 [1038400 1039200 |1040000 |1040800 |1041600 |1042400 [1043200 [1044000 |1044800 |1045600

I T Ilw ol (A | W0 e reren [ (N1
(IR 1L 1R e IR TR Y AT LT T TN 0O A AT Y A

T 0T AN _|

.~
< M|
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(Note that the display changes when you switch on the display of SNPs (right click — Show \
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

Kdisplayed (1).

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display
Entry: L2 _cat.fasta
3 selected bases on forward strand: 10408749..1040751

RN RN T T Y TR T T A

[ {1 1 (W N
O AT TR ICTIEEE AR e e e m
L T T 1 o R R AR AN
| DE
] |1e35200 [1636000 |1036800 |1e37600 uoasaoom 62|_17(a:-‘19200 [1040000 |1040800 |1041600 |1042400 [1043200 |1044000 |1044800 [1045600
[ [ T T (I | I (IR T TN 0T e [ (W1
(Il T L 1 W IR 00 WA T AT
L T T R A -
4 [ 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
r3 selected bases on reverse strand: 9093..9095 = complement (1037247..1037249)

=

RN T O 1 T 1 T O T T A T W e O R R 1T T T e
O | 1 AT T VTN MU e e e
A L Y TR R TR AT

| 1) I

AMES6278, 1
‘0 l1835200 |1636000 uoaesool [1837600 |1038400 |1039280 |1040800 |1040800 |1e41600 |1042400 |1043200 |1044600 |1044800 |1o45600

(11 1 | Il | I (IR T, 0 e reeen [ i

0T L 1 N 1 A O AW TN AT
AT A T e A AT TR

|« T[]

»

[T

v«

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. frachomatis 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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(] 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 —» I’ight-C”Ck 2 | add Bam ...

BAM files
Analyse
Views
Colour By
Show
Graph
¥ Asynchronous
BamView Height > -
I 1 1 & 0ee Log scate [N i [ I B
RN I NOETUNIN | | Filter Reads ... - - : : I
TREEERE LIl nno | Read Coverage Threshold ... BamView :: Select Files I |
List Reads ... BAM file: =
Clone window - o
AMBE4176.1 [ | select... <& 3
|300 |so0 loeo |1260 [1500 |1800 |330
Add More
| (1Nl [ 1 B O I A [ Y A | Il 0K I'l
| I I (| T T/ (il L1 1 A I A O 1 e B A
[N L [ Il I Hen |
<] »
‘@".KNTERAILLTT"‘LFH#SGHFTDF{LYHEGFHG#RDFIFAAF{N\I’\.’F{I+F§KVLSGST
KIPSVLSC#QPDYFTNQDTILARIGYTITRDFMGKT GTILSLOQQEMSLEYSETKSYQE\!=
K K Y R A CY P VNNI T TSI TRTFYG+ VT SRGTSWYKGEFY I €S KKGCGCR+NTAKSI TREKI|
=

L - = - | ==

(3 BCFs gy e
[Imalaria W|th|n the

et t—ow Module 3
S | 4 | directory
choose

L2b.bam

File Name: I /]
Files of Iype: |[BAM / VCF files /-

’ Open“| Cancel ‘

€ BAM /VCF View : Select Files
BAM s VCF file:

[me/wt/r-lodule 3 r-lappinc_;/LZb.bam'\ Select...
Add More

oK €

Artemis Entry Edit: L2_cat.fasta

File Entries Select View Goto Edit Create Run Graph Display

S .o v R Note that due to differences in sequencing technology, the
Lread lengths are different between NV2 and L2b,

contributing to this staggered appearance of reads.

y| |l

1 B [ | | Il [ ] - [=]
[ |
In the first instance Artemis reads all the new reads into the == 11~
same window. This is useful if you have multiple sequencing s
6 | runs for the same sample. But in this instance we want to N
[ I A B I

split the reads into separate windows so that we can view
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
Mothing selected

Add BAM ...
BAM files
Analyse

Views

Colour By
Show

Graph

¥ Asynchronous
BamView Height

E i e mul First, clone the BAM view window. |
T 00 0 WO | Gist Reads .. 7 | Right-click over the BAM window  [I!! !t
NV D0 g Stene wandow IR TN

and select ‘Clone window'.

|1600 |2a00 |3200 |ac00 |asoo - |s608 5400 |7200 |so00 |ss00 |osoa uo_aoo |11200

T
AMBB4176.1 misc_feature
00

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

If you right-click over the top BAM
window and select BAM files you
can individually select the files as

Add BAM

BaM files » Group BAMs . . A
malyse SR ban desired. This means you can
Views g | o . . .
colour o > display each BAM file in its own
Show » . .
_ T ’ window by de-selecting one or the
synchronous .
hema:bll 1 1 e Height S THIEE e ree 1 Other flle.
TIEAETE 0 e e ee e e e e o use g scal [ 1L - DI
Filter Reads ... asp
AL A A A R:ad e N I TIEEE B |||||||| 001 1 TR AN TN
List Reads ... =
AM384176.1 misc_feature Clone window misc_feature feature
(B [1600 |2400 N — (ol - |s600 6400 |7200 [ELlele} |es00 losoa Iyzlaoo [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
Nothing selected _g—

418841761 | v | 7] Hide

= N
L {1 e W A | VI I I (T [ R
L 1 S A 3 4 11V A TR
pL2-02
0 1 1 A AW AN
CTLOB9S

[P 1 > I 2 13 113 12 g

tRMNA-Pro AMBB6278. repeat_region repeat_r repeat_region r repeat_regi repeat_region
h35200 |1036000 |1036800 |1037600 |1038400 |1039200 |1040000 |1040800 |1041600 " |1042480 |1043200 |1044000 I;OAﬁo |1045600
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/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
Qroj ect and is likely to be accepted as a standard format for this type of data. /

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:

samtools mpileup -DSugBf L2 cat.fasta NV.bam > NV_temp.bcf

S Terminal

samtools mpileup -DSugBf L2_cat.fasta NV.bam > NV_temp.bcf

[fai_load] build FASTA index.
[mpileup] 1 samples in 1 input files
mpileup> Set max per-file depth to 8000

There are two more steps required before we can view out SNPs in Artemis. First,

do the actual SNP calling:
bcftools view -bcg NV_temp.bcf > NV.bcf

Second, as before we have to index the file before viewing in in Artemis:
bcftools index NV.bcf

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.

® S ® 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
s
L2b.bam.bai L2 _cat.fasta NV_1.fastq.gz NV.bam NV.bcf

L2b.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 REF: base call in reference
sequence ALT: alternative base call in

name

Detailed information:
DP=read depth
DP4=REF,REF,ALT,ALT
MQ=mapping quality

Quality
score of
base call

Genotype
call info

sequence data

#CHROM POS  ID REF ALT QUALWINFO FORMAT
|AM884176.1 24267 . C : 283  DP=159;AF1=0;AC1=0;DP4=75,84,0,0;M0=60; FQ=-282 PL:DP:SE
mgsiigsul 24268 . C ) 283  DP=159;AF1=0;AC1=0;DP4=73,84,0,0;M0=60; FQ=-282 PL:DP}
AMEBEE;GUI 24269 . T 283  DP=156;AF1=0;AC1=0;DP4=75,81,0,0;MQ=60; FQ=-282 PL:JP:SE
mse:igs 1 24270 G 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

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
‘Navigator’.

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

Read Entry Into Y
2 /Bﬁd BAM / VCF ...

}Save Default Entry Ctrl-s

Save An Entry »

Save An Entry As »

Artemis Entry Edit: L2_cat.fasta = 1y <) 00:13 £ {%
Eile Entries Select View Goto Edit Create Run Graph Display

Show File Manager ...
Read An Entry ...

ement (1045546, .1045548)

Save All Entries

Arite 0 T T T T T T TR R T R N R R TN T [<
e Vi Gty L8O T ST T AR T I A A T

;E'Ye As Inage Files (png/jpeg)... URATTINIMN] © BamView :: Select Files IO T
rint... |

i _ BAM file: ——
Print Preview

- 00 1040000 L[ | select. .« 644500 (1045600 3
Open in DNAPlotter ey |

Add More

Preferences I (1 = I ([
Close P IE n _ rrrer—t S LA AT AT
0 T TR AR AR TR A ||| ||||||| |||||J | || || |||| [IIIIHHIIlII | T [||||| ||| [IRL AT 5
l M

MTRLPLLKRF’F{F{NRKSAAVRSIIQETQLCSSDLIWF‘IFLKDGSGIREEIESMPGVYRWSLA
QGFHY #NDLAETESKVYOQPFDLGS#FEKEKPNSVYLVYTH*SGPSFLEKMALETFEIEKEKSHFRVYCLEYTTDG® GV +

.DKASITKTTSQKPKKCSRSIYNSRNF‘TLF+*LDLAHLS#RWLWNSRRNREYAWSIQMEF
IATGACAAGG CCATTACTAAAACGACCT AGAAACCGAAAAAGT GCAY GTTCGATCTATAATTCAAGAA, AACTCTGTTCTAGTGACT AAAGATGGCTCTGGAATTCGAGAAGAAAT AGAGAGT ATGCCTGGAGT ATACAGA

160
TACTGTTCCGAAGGT AATGAT 'GCTGGAGCGTCTTTGGC CACGTCGGCAAGCTAGATATTAAGTTC GGLTI'I'GAGACAAGATCACI'GAACI'AGACCGGGI'AGAAAGA,&TITCF,&CCGAGACCITAAGCFCITC ATCTCTCATACGGACCTCATATGT( CI'ACCI'CA\A\A\T
. ¥VLSGNSFRGRLFRFLAATARDTITI®*SVWS E PIRSSISLIGPTYLHLK

Look In: llj Module_4_ Mapping ,V‘ E

SBC? | —| 4 | Select file NV.bcf
malarlia

[y L2b.bam
[y nv. bam
[y nv. bef

File Name: | |

Files of Type: IBAM / VCF files Iv‘ 5

| Open Aﬂ/Cancel J
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Adjust the slider and the size
of the BAM & BCF panel
window to look like this

BCF window showing
only sequence variation.

Artemis ©'ntry Edit: L2_cat.fasta
8 File Entri\s Select View Goto Edit Create Run Graph Display

llEntry: [v]L2Nat.fasta

lamMs84176.1 A
AMB84176. 1
AMB86278. 1

Combine Referendes

LIiI::IH (ARl

Frm

(AL A I 1 T I A R 1
(1 1 | 0 AR R IECTIE IO e e e
L T N 1 1 Y T AR AR RTNNLTH
m ?ﬂMBBGN H
|1036000 |re36800 \\337600 |1038400 uoégzoo |1e40000 |1040800 |1041600 [1042400 |1043200 |1044000 |1044500 [1045600
. | I Iy e 0 e [ [0
YOU may have nOtICGd that L T W O T e AR Y T
the SN PS |n the BCF T 1 AT
W|ndOW are only Shown Sv g AP VF RD S|_ Ix IF OK EK TP QN Ls C\.r SL Sv DT % Is wG PP Is FF LL KK Dm GA SL GE IF RE EK EK I+ ER S\r Mc pL GE

Q N
KCSRSTIYMNSRMNPTLF+*LDLAHLS®#RWLWNSRRNPERETYAWS

for the chromosome. To show
SNPs also on the plasmid click A
and select ‘Combine References’ [ ™ “"

here.

The SNPs for the chromosome

and plasmid should now be visible.

= 1y ¢) 0029 2 I

v

» [« T

<

‘bombme Reference: | Hide
I I L rrrl [ N N A il [ Il (i Il
T 10T O I AT O R R R T[T -
(O 1 B A AT TR TN MR e e
L M L T R AR T MA T
> E
AMBE6278. 1
|re36000 |1036500 |1837600 |1038400 [1030200 |1040000 |1840800 |1041600 |1042400 |1843200 |1044000 |1044800 |145600
(A URTan N | I [ IR e e (Ll {1l

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 26




Module 4: Mapping Short Reads

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).

WT-Course [Running]

= 1y <) 0029 &

» [«

|combine References VCE files »
I I [0 10 tn nim ™ Mark new stops within CDS features | N I
= Filter ...
o [ B N Colour By » !lIIIII (I o e N A R T 4]
(N N 1 A WA O A A (R
Create 4
LA NIRRT TR W R T AN . (O R AR RTANA T
5 Write » ‘ S |
AMB36778. 1 View 4
l1e36000 |1036800 |r037600 |r038400 |1039200 ‘I;oaaooo |1044800 |1045600
Graph »
0 Il [l Overview . .
We have provided BCF files for the

L2b LGV C. trachomatis strain.

S ‘\'1 They are in the directory called

SIS “BCFs” in the Module_2_Mapping
directory that you have been
working in until now.

N

File Name: |

Files of Type: |All Files -

Open H Cancel I

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

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.

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”

v |

L2h_C1_BWa/L2b_C1.ban [ [ \ [l | \ Add VCF ... [l
(TR 0 o o 1 L 1L 1 e » |

™ Mark new stops wi%in CDS features

B O A Y O A FEEEN Mi:?:;it””t into Fanples I T Em
L 1 1 1 1 O = T R RR TR
T T T

1 T i
—

Write
|1835200 i

View

Graph

Overview for seJected features
™ Show Labels

T T AT Wl (0L I AT ‘nrn—lrn‘n—vrrlrn—rln‘lnnﬂml

v v v vl |w

[1626400 [1827200 |1028000 |1028800 |1620600 |1030400 |1031200 |10320

What you should notice is that L2b 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 VCEF file.

Artemis Entry Edit: L2_cat.fasta

WT-Course [Running]

= 1y €) 0029 &

File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]L2 cat.fasta
Nothing selected

L=
Ny |

e ewe

(A 1 L 111
FITE TEE T e O e i

Add VCF ...
VCF files

v

[1036000 [1036800

e e

vanans =il

Type | Info |

[1037600

ter

Genotype

D
AMBE6278. 1
[1038400 |183920

¥ Mark new stops within CDS features
¥ Separate out into samples

Filter ... <\

Colour By

Create

Write

View

Graph

Overview for selected features

v v v w

\ \
It [

N B
Right-click in
the window
and choose
Filter...

N T RN A
RN (T VAN A
A R TTARN AN

043200 |1044000 [1044800 |1045

T mr———

¥ Show Labels

VARIANT TYPE
Synonymous
Non-synonymous
Deletions
Insertions
Multiple alleles

[[]Non-Variants

[[]Manual Annotation

[v] variants not overlapping CDS

/Have a look through the variant ﬁlter\

window that pops up. You can select

or unselect different SNP types or
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

Filter Overview:
MANUAL_FLAG
NV_FLAG

Manual Annotation
Non-Variants

Variant Filter

[ Hpe [Info | Genotype

APPLY 0K

VARIANT PROPERTY:
Quality score (QUAL):

NFO FIELDS:

DP4 (Integer)
MQ (Integer)
FQ (Float)

AF1 (Float)

MIN

|

MAX

MAX

MAX

MAX

MIN

MIN

I

i

MIN

I

]

MIN

MIN

MAX

MAX

appear not to contain SNPs simply
because no reads map to them.

/Like the BAM views you can also \

remove or include SNPs etc based on
for example mapping score, depth of
coverage or sequencing quality in the
PROPERTY section listed under the
INFO tab.

Useful cutoff values are e.g. DP of at

\least 10 and Qual of at least 30. /

28



Module 4: Mapping Short Reads

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
P£3D7_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.

- J
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2 #!/bin/bash

3

4 #read in values from command line
5 fastgl=51

6 fastg2=$2

7 ref=33

8§ output=$4

9

10 #index the reference file

11 bwa index Sref

12

13 #map the sequence data

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

15

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

19 samtools index Soutput.bam

20

21 #generate a BCF file and index it

22 samtools mpileup -ugf Sref Soutput.bam > Soutput.tmp.bcf
23 bcftools view -bcvg Soutput.tmp.bcf > Soutput.bcf

24 bcftools index Soutput.bcf

25

26 #clean up your directory of temporary files

27 rm -f Soutput.tmp.bcf Soutput.sam Soutput.tmp.bam

28

29 #clean up your directory of unnecesary files

rm -f Sref.amb $ref.ann Sref.bwt Sref.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 cah
it 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.

\Lines 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

Inthe map lanes. sh script 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=52
ref=33

output=$4

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 S$ref
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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. sh script with the following command line
arguments

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

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 mdrl 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.bcf 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

Add More

0K

) Artemis Entry Edit: PF3D7_05.embl
File Entries Select View Goto Edit Create Run Graph Display

Entry: [v]Pf3D7_05.embl
Selected feature: bases 4260 amino acids 1419 MDR1 (/previous systematic id="PFE1150w:exon:l;current=false"/previous systematic id="PFEL15Gw:pep;c
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It looks like that both the IT and the Dd2 clone have a copy number variation (assuming the

L reference was assembled correctly). Is the duplication the same in both clones?

vl
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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.

i

IX| ArteNgis Entry Edit: Pf3D7_05.embl
File Entries Select WYiew Goto Edit Cfeate YRun Graph Display
Entry: [v]Pf3D7_05.enhl

Selected feature:

hases 4260 amino acigs 1419 DR1 revious_systematic_id="PFE1150w: exon:1;current=Tfalse"
=
=—
=== —
= =
957200 57600 8000
e E=-3
— = =
—_——
R ==
systematic _
error MDR1 =
300 las7600 |as7900 lasaz00 |asas00 lasaz00 |asa100 lasz40
q // ] O
B J SNP Sequencing
Crrors

la57400

la57500

KHomopolymer tracks may \

cause systematic errors.
L]
0 K[K K K KKK HN|R S
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Also, GGC motives can
generate strand specific
CAGAACRARAAAARAAAAAAAAAAARTIAGRAGT]
957460 [957480

errors on certain sequencing
CTCTTCTTTTTTTTTTTTTTTTTTTTATCTTCA i
machines.
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LLFFFFFFIST
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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 9fa141 958151 958161 958171 958181 958191 958201 9
ATTATCAGGAGGAACATTACCTTTTTTTATATCTIGTGTTTGGTGTAATATTARAGAACK TGAATTRAGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT

ATCTGTGTTTGGTGTAATATTARAGAACRTGTATTRAGGTGATGATATTAATCCTATAATATTATCATTAGTATCT AATTTATAT
TAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
Re ferenc e CATTACCTTTTTTTATATCTGTGTTTGGTGTAATATTAAAGAACRTGTATTRAGGTGATGATATTAATCCTATAAT TTATAT
AGGAACATTACCTTTTTTTATATCTGTGTT AGTATCTATAGGTTTAGTACAATTTATAT
AGGAACATTACCTTTTTTTATATCTGTGTTTGGTGTAATA CRTGTTTTRAGGTGATGATATTARTCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT

ATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
AATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
ATTATCAGGAGGAACATTACCTT GTGTAATATTARAGAACRTGTTTTRAGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGT CAATTTATAT
ATTATCAGGAGGAACATTACCTTTTTTTATATCTGIGTTTGGTGTAATATTARAGAACRTGTTTTRAGGTGA ATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TGTTTTRAGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TTGGTGTAATATTAAAGAACRTGTTTTRAGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTT ATAT
ARTATTAAAGARCRTGTATTRAGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAR TAT

ATTATCAGGAGGAACATTACCT'

ATATCTGTGTTTGGTGTAATATTARAGAACRTGTATTRAGGTGATGA TATCATTAGTATCTATAGGTTTAGTACAATTTATAT
GTTTGGTGTAATATTAAAGAACRTGTATTRAGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGT AGTACAATTTATAT
ATTAGTATCTATAGGTTTAGTACAATTTATAT
TGTAATATTAAAGAACRTGTTTTRAGGTGATGATATTARTCCTATAATATTATCATTAGTATCTATAGGTTTAGTA TATAT
TCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT
TTTGGTGTAATATTARAGAACRTGTTTTRAGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTT TACAATTTATA'
AGGAACATTACCTTTTTTTATATCTGTGTTTGGTGTAATATT TAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATA'

Mapping
reads

CATTACCTTTTTTTATATCTGTGTTTGGTGTAATATTAAAGAACRTGTATTRAGGTGATGATCTTARTCCTATAAT C TATAGGTTTAGTACMTTTATA‘]i v

I I RRNTITTFTFYICUVWOCNTITKE EFR**Y#SYNIIISIYRFSTIYI&I

Y Y Q E EH Y L F L YL CULUV # Y # R TQ* 1+ vV MM I L I L # Y Y H + ¥ L + V + Y N L Y

ATTATCAGGAGGAACATTACCTTTTTTTATATCTGTGTTTGGTGTAATATTAAAGAAC! T@A’I‘I" AGETGATGATATTAATCCTATAATATTATCATTAGTATCTATAGGTTTAGTACAATTTATAT

80 |[958100 |958120 95140 |958160 |958180 |958200
TAATAGTCCTCCTTGTAATGGAARAAAATATAGACACARACCACATTATAATTTCTTG CACTACTATAATTAGGATATTATAATAGTAATCATAGATATCCAAATCATGTTARATATR

To answer the question mentioned just above, right-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).

Now have a look at neighbouring position 958146. What could this be? Is it from IT
or DD27? 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 GTATTTAGGTGATGATATT AL
958001 958111 958131 958151 958171 e ATATTTAGRTGATRATATTA
GGAGGAACATTACCTTTTTTT ATATCTGTGI TTGGTGT AAT ATTAAAGAACATGAATTTAGGTGATGAT ATTAATCCTATAATATTATCAT  BAM files » Group BAMs ...
O ROGRACATT ACCTTTTTTTAT ATCTOTGTTGGTaTAAT ATT ARAGRACATOT ATTT AGGTGATG TATCAT  Anal »
| CATGTATTTAGGTGATGATATTAATCCTATARTATIATCAT A'-]a — o. BNA'IT,'AEh o ban
GTGTAATATTARAGAACAT O AT AGOT G CATATT AATCCT AT ARTATTATCAT  V1EWS e »| 2 M DD2. ChP. bam
GGAGGAACATTACCTTTTTTTATATCTGTGIT TAATATTAAAGAACAT GTATTTAGGT GATGATATTAAT CCTATAAT AT T ATCATTAGT ATCTATAGGTTT,
GGAGGAACATTACCTITTTITATATCTGTGITTGGTGTAATATT AAAGAACATGT ATTTAGGTG TAATCCTATAATATTATCATTAGTATCTATAGGTTT.
TTTTTTATATCTGTGTTTGGTGT AATATT AAAGAACATGT ATTT AGGTGATGATATT AATCCTATAATATTATCAT TAGGTTT.
TATCATTAGTATCTATAGGTTT.
GGAGGARA TAATATTATCATTAGTATCTATAGGTTT.
(GGAGGAACATTACCTT TGGTGTAATATTAAAGAACATGTATTTAGGTGATGAT ATT AATCCT AT AAT ATTATCATTAGT ATCTATAGGTTT.
GGAGGAACATTACC ATATCTG BTTATCATTAGEEICTATAGGTTT. This BAM
TACC ATATCTGGGTTTGGTGTAATATT AAAGAACATGT ATTTAGGTGATGAT ATTAATCCTATAATATT 1S
GGAGGAACATTACC ATATCTGTGTTTGGTGT AATATT AAAGAACAT .
GGAGGAACH, ATATCTGTGTTTGGT GT AATATT ASAGAACATGT ATTTAGGT GATGAT ATTAATCCTATAATATTATCA TCTATAGGTTT. window shows
GGAGGAACATTACC ATATCTGTGTTTGGTGT AATATT ASAGAACATGT ATTTAGGTGATGATATT AT
GGAGGAACATTACC ATATCTGTGTTTGGTGT AATATT ASAGAACATG
556161 the IT reads

AGGTGATGATAﬁAATCCTATAATAWATCAﬁAGTATCTATAGGTrr

958001 958111 958131
.GGAGGAACA‘ITACC‘I‘I‘I‘I‘I‘I‘TATATCTIGTG1'I'I'GGTGTAATA1TAAAGAAC GAA

ATCTGTGTTTGGTGTAATATTAAAGAACA

CATTACC ATATCTGTGTTTGGTGTAATATTAAAGAACA
GGAGGAACATTACC ATATCTGTGTT
GGAGGAACATTACC ATATCTGTGTTTGGTGTAATA

AATCCTATAATATTATCATTAGTATCTATAGG

AGGT! GATGATA’H_'I_AATCCT ATAATATTATCATTAGTATCT
AGGTGATGATATTAATCCTATAAT ( IS th ere

ACTATCTATAGGTIT

A TG AT T AT CCT AT AR T AT T AT CATTACT AT CTATACCTTT
AT ATTAATCCTATART ATTATCATT AGTATCTATAGGTTT another SNP
AT ATTATCATTAGTATCTATAGGTTT )
GGAGGAACATTACCTT GTGTALTATTALAGAACE GGTGATGAT ATT ASTCCT AT AATATTATCATT AGT ATCTATAGGTTT in Dd2?
AGGTGA ATATTATCATTAGTATCTATAGCTTT :

GGAGGARCATTACC ATATCTGTGTTTGGTGTAATATTAAAGAAC
TTGGTGTAATATTAAAGAACH
ATATTA,

AGGTGATGATATTAATCCTATAATATTATCATTAGT ATCTATAGG
AGGTGATGATATTAATCCTATAATATTATCATTAGT ATCTATAGG

AAGAACA AGGTGATGATATTAATCCTATAATATTATCATTAGTATCTATAGG
GGAGGAACATTACC ATATCTGTGTTTGGTGTAATATTAAAGAACA AGGTGATGA, TATCATTAGTATCTATAGG
GTTTGGTGTAATATTAAAGAACA AGGTGATGATATTAATCCT ATA.&TA'I'I'ATCA'I'I’AGT ATCTATAGGT

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’
GG‘rG‘rA@mAAAGMAGMGATGATATrAAch‘rAﬂg’ri’r‘ri’rEﬁﬁSéﬂﬁﬂﬂé

TCAGGAGGAACATTACCTTTTTTTATATCTGTGTTTGGTGT A4 TATTATCATTAGTATCTATAGGTTT,

B4, DD2. ChrS, ban |
BWA. IT. ChrS. ban I

IRRNITFFYTICVWCNTIKEHHETFRH**Y$sSYNTITITISTIYRFS

AG

QEEHYLFLYLCLV®#Y#RTH*TI+ VMILTILS®SYYHS=+YL+V+
TCAGGAGGAACATTACC ATATCTGTGTTTGGTGTAATATTAAAGAACAT GAATTTAGGTGATGATATT AATCCTATAATATTATCATTAGTATCTATAGGTTTAG

958100 |osa128 loss140 |osa160 |ose180 |
AGTCCTCCTTGT ANTGGARRARAAT ATAGACACAAACCACATT AT ARTTTCTT GT ACTT ARAT CCACT ACT AT AATT AGGAT ATT AT AAT AGT AATCATAGATATCCARATC.

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 is another example\ B

of apparently
“heterozygous” SNPs in
this haploid organism.
Note also that the read
coverage in 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

K. YeYe) 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

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

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

[ R T S e Rt e o

CRT
02300 403200 403500 la03800 la0a100 la04400 la04700 l405000 36
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Extra exercises for bash scripting

Trouble-shooting — error checking

Try running the map lanes. sh script with the following command line
arguments:

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

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. sh script 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.sh
script 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
oes 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 fastqg2=%2

6 ref=s$3

7 output=$4

8

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

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

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

12 exit

13 fi

14

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

17 if [ ! -f $fastgl ] || [ ! -f $fastg2 ] || [ ! -f $ref ]; then
18 echo "Error: One of the input files does not exist"

19 exit

20 fi

21

22 #index the reference file
23 bwa index Sref
24
25 #map the sequence data
26 bwa mem Sref S$Sfastgl Sfastg2 > Soutput.sam
27
28 {#create read quality filtered sorted and indexed bam file
29 samtools view -gq 15 -b -S Soutput.sam > Soutput.tmp.bam
30 samtools sort Soutput.tmp.bam Soutput
samtools index Soutput.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 i 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 if condition is true
fi

\_ /

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 I[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 1 s 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. j
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Module 5
Phylogenetics

Introduction

Phylogeny has important applications in many fields of genome biology. For example, when
annotating a gene in a new genome it is useful for identifying previously-annotated genes in
other genomes that share a common ancestry. It is also becoming increasingly common to use
phylogeny to trace the evolution and spread of bacterial diseases, and even as an
epidemiological tool to help identify disease outbreaks in a clinical setting. Further analysis of
genome sequences to examine recombination, molecular adaptation and the evolution of gene
function, all benefit from phylogeny.

Phylogenetics is essentially about similarity, and looking at patterns of similarity between taxa
to infer their relationships. Although the methods may initially appear quite daunting, the basic
ideas behind phylogenetics are quite simple. We want to identify the tree that best fits our data
assuming that the data evolve under a simple model. When the data are DNA, we can use our
knowledge of biology to improve our chances of finding the correct tree by defining
evolutionary models that make biological sense. For example, we know that transition
mutations occur more frequently than transversions, so we can make our model favour trees in
which this is the case with our data.

In this module we will use phylogenetics to explore the strengths and weaknesses of techniques
that may be used for typing Chlamydia trachomatis. We will reconstruct phylogenetic trees in a
Maximum Likelihood framework, using the PhyML program, since this allows the use of
complex (more realistic) models of nucleotide (or amino acid) substitution to be applied, and it
produces a statistical measure of tree quality ( ‘likelihood’ ) that can be directly compared
between hypotheses. By the end of this module you should have some understanding of:

Multiple sequence alignment using Clustal X and/or muscle.

Maximum likelihood phylogenetic estimation using a nucleotide model.

Evaluation of support for relationships in a tree using non-parametric bootstrap replicates.
Interpretation of phylogenetic trees.
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Exercise: Assessing typing tools for C. trachomatis

@is module we will use phylogenetic techniques to assess the utility of some of the\

molecular typing tools available for C. trachomatis.

The exercise will begin by using assembled sequences. Historically this is the type of data
that would have been available for molecular phylogenetic analyses. We will look at the
ompA gene, the most commonly used Chlamydia typing locus.

In the second part of the exercise, we will see how Artemis can be used to create sequence
alignments from the C. trachomatis bcf files used in the mapping module. We will extract
the sequences of genes used in a Chlamydia multilocus-typing scheme and compare the
results with those from the ompA analysis.

Finally we will create a tree based on whole-genome SNP data and see which of the other
&otyping schemes it supports. /

i) ompA phylogeny from gene sequences

Later in the week you will learn how short-read sequence reads, such as those produced by
the Illumina platform, can be assembled into draft genomes. Assembly of short read data is
similar to the methods historically used to create high quality reference genomes from
capillary (Sanger) sequence data. Mapping and assembly both have their advantages and
disadvantages, which should become apparent during this course.

For our first phylogeny we will make a tree using the sequences of the ompA4 gene from 16
strains of C. trachomatis. These sequences are provided for you in a single file called
ompA_assembled.mfa in the Module 5 directory.

Historically, the most commonly used tool for typing C. trachomatis isolates was
serotyping using the MOMP (major outer membrane protein), which is encoded by the
ompA gene. There are two biovars of C. trachomatis: 1) the trachoma biovar includes
ocular and urogenital strains, which cause the majority of trachoma and STIs, and are
characterised by localised infections of the epithelial surface of the conjunctiva or genital
mucosa; 2) the lymphogranuloma venereum (LGV) biovar includes strains which are
distinguished by their ability to spread systemically thorough the lymphatic system,
causing genital ulceration and bubonic disease. Based on MOMP serotyping, C.
trachomatis has been subdivided into between 15 and 19 serotypes: the trachoma biovar

includes ocular serotypes A to C and urogenital serotypes D to K, while the LGV biovar
kcludes serotypes L1, L2 (including L2a, b and c) and L3. /
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Viewing the alignment in Seaview

/To view and edit alignments and produce phylogenies we will use a program called \
Seaview. Seaview is a graphical user interface (GUI) that combines a number of the most
popular alignment and phylogeny programs. We have chosen to use Seaview in this

module as it is freely-available for all platforms, simple to use, and contains all of the tools
necessary for automatic and manual multiple sequence alignment and producing

phylogenies. However, the primary aim of this module is to demonstrate the principles of
alignment and phylogenetic reconstruction that apply to any of the wide range of programs

that you may encounter.
Qirst you should navigate to Module 5 directory. /

Start Seaview by typing the command ‘seaview’ in the terminal window, and load the
alignment file ompA_assembled.mfa by selecting ‘Open’ from the ‘File’ menu.

The DNA sequences of the ompA gene from each of the C. trachomatis strains will be
shown in the Seaview window. Note that the sequences are not all of the same length, so
although the beginning aligns well, if you scroll along you will find that they start to go
out of alignment.

ompA_assembled.mfa

1y

e e I I [l e

sel=0 1116 1196

HENNN

flf you have time, have a look at the mapping of the ompA gene in some of your samples.
The diverse nature of the ompA region, with high SNP density and a number of indels,
makes mapping of the region difficult and variant-calling from mapped data prone to
errors. It is for this reason that we have provided assembled versions of the gene for this
part of the module. The methods used to produce these assemblies were exactly as you will

Ksee in the assembly module later in the course. j
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Multiple sequence alignment

éefore any phylogenetic analysis, we must make sure that the columns in our data \
represent homologous bases. With gene or protein sequence data, this usually means
aligning the nucleotide or amino acid sequences using a multiple alignment program. In
this part of the exercise you will align the ompA sequences. Length differences complicate
multiple sequence alignment because these require the insertion of gaps into an alignment
to ensure that homologous sites remain aligned. Alignment should be checked by eye
wherever possible, because no program is perfect; but for large numbers of sequences and
sites, de novo manual alignment is impractical and we must rely on the algorithms of
sequence alignment tools.

KSeaVieW allows alignment using two programs, clustal and muscle. Generally muscle is \
faster, and the protein alignments are of similar quality to clustal. In both cases, sequences
are aligned by assigning costs to particular base changes and gap insertions and then
minimising the overall cost of the alignment. The parameters can be altered to optimise the
process, but in practice the default options will usually suffice.

It is usually better to align genes after translating them into amino acids, so we will do that

Qere. j

On the ‘Props’ menu choose ‘View as proteins’.

ompA_assembled.mfa

File © | Edit ¥ I Align ¥ | Props © | Sites © | Species © | Footers ™ | Search:” Goto:" Trees © |H_el;

320 400

1
> %]
ShE

[

-
N

X9 m°
N
D000

To start the alignment, select ‘Align’ then ‘Align all’ .
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\
When the alignment process is complete, Seaview will have inserted gaps into the
sequences so that homologous sites (or at least homologous according to the alignment
program) are lined up in columns.

J

o ompA_assembled.mfa

File © I Edit ¥ IAllgn“l Props © | Sites © | Species © I Footers ™ | Search:" Goto:" Trees © | Helg
g sel=0 320 400
= | L2 P OAG G ;

A2 PTIAGKG i
F2 : ﬁ o ;
D2 e GAG E ;
i PTIAGCCSVAGRNTEG |
D1 P ; G ~ - BEG! ;
K P i
NV GAG G ;
]
Y OUKAS AEC ;
(L; Inserted gaps E N g
- b = ‘
L1 P G ; ; '.r i
L2 434 BU G _r _r i
£l N f
E 2 ; GQLG i
1P . i
(A1 G 1
¥
I><-+_ 4 721 M

ﬁf you inspect the alignment, it should be clearer how the sequences differ from one \

another. Can you see which sequences are most closely related?

If an alignment has been problematic, requiring many gaps, it is advisable to inspect the it
by eye and edit where necessary. In Seaview you can add gaps with the space bar, and
remove them with the backspace (for more detailed instructions see the Seaview ‘Help’).
If you are not convinced by any region of the alignment it is probably better to remove it,
as erroneous alignment provides misleading information for phylogeny reconstruction.

Q‘you turn off protein view you can see that the nucleotides are also now aligned. /

File © | Edit © | Align ¥ | Props © | Sites ¥ | Species T | Footers ™ | Search:" Goto:" Trees © | Helg

A et-0 482 562

| L2 G G

A2 G G

F2 G GG

D2 G G

F1 G GG

D1 G G

K G G

NV G G

L2b G G

L3 G G

G G G

L1 G G

L2 434 BU G G

E1 G G

E2 G G

[T G G

A1 G G
¥

I><+_ ..}
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Phylogeny estimation using PhyML

/To estimate the phylogeny, we will use a program called PhyML, which is included in \
Seaview. PhyML uses maximum likelihood (ML) to estimate the tree. We will use ML
because it i1s more accurate than simpler methods as it specifies an explicit evolutionary
model to account for sources of homoplasy, but at the same time it is relatively fast.
Furthermore, it uses an optimality criterion (likelihood), which means it is possible to

Kcompare different trees directly. j

Make sure you are in nucleotide view, then choose ‘Trees’ then ‘PhyML’

@ PhyML options ;
H Choose the GTR’ model.
—» Model: |GTR VI

: Branch Support
E)aLRT (SH-like) ® None

In the ‘Branch support’ box select ‘None'.
We will look at branch support later

NS

© Bootstrap with[100  replicates

Nucleotide equilibrium frequencies
[@ Empirical © Optimized

If you choose a model which includes
different transition and transversion
substitution rates you can set the ratio here or

N

Invariable sites

(@ None © Optimized( Fixed [0.10 )

Across site rate variation

In the ‘Across site rate variation’ box
select ‘None’ . We will look at rate variation
later

of rate categories[d ] )

&) Optimized O Fixed [2.0 .

Tree searching operations

( St e ) } \ask to optimise it from the data

The last two boxes are for specifying how the

(@ NNI O SPR O Best of NNI & SPR ) , e
program will search the tree, and how it will
Starting tree choose a tree to start from. We will use the
® BioN] [~ Optimize tree topology\‘ defaults
> User given: | v
¢ Add [s  random starts y,
_cancel [~ Quiet Run/~ | j

~

PhyML includes a number of nucleotide substitution models. The strength of using a
Maximum Likelihood method is that an explicit model of nucleotide substitution is applied,

Increasing

which can be more biologically realistic than some other methods. Various models are
available from the very simple (and unrealistic) to the quite complex:

# free Base A A «-------
Model . Substitution rates A< > G
Params frequenc1es
2| | 1c69 0 All equal
= All equal
5 F81 3 All free
=y K2P 1 All equal C €------- > T
g HKY 4 Transitions and transversions different “«--»
o ..
F86 4 All free Transitions
TN93 5 Two types of transition and transversion <+—>
GTR 8 All free Transversions

6
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Interpretation of phylogeny

Once the run has finished, click ‘OK’. The tree created by PhyML not only includes the
topology of tree (i.e., the relationships between sequences) but also the branch lengths
(i.e., the amount of change occurring in each lineage). Therefore, the tree is drawn as a
phylogram, in which the length of branches is proportional to the amount of evolutionary
change (shown below).

You can alter the placement

: : You can tick ‘Br lengths’
of the root by selecting this to add branch length values You can change

option and clicking on a C e (e between a rooted
node in the phylogeny. and unrooted tree

ompA_assembled-PEyML_tree

| PR w— -
® Full O Swap¥ Re-root & Select ¢ Subtree <ubtree Up [Zoom 410y

PhyML In(L)=-4392.5 1194 sites GTR R0l
I
1.
A1
A2

13
F1
F 2
G
L2 434 BU
LLZb

|L2

D 1
an

L1

E 2
|E_1

|N\v’ |
The type of analysis run and the
log likelihood are shown above

the tree

You can save your tree in Newick format The scale bar represents the number of
that can be opened in other tree viewers inferred substitutions per site

If you are running behind at this point, skip now to part ii of the exercise. You can come
back to this part when you have time.
Otherwise, note down the likelihood of the tree. We will use it later.
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Phylogeny estimation with across site rate heterogeneity

/ Almost all nucleotide sequences in nature display across site rate heterogeneity. This \
means that not all sites within the sequence evolve at the same rate; rather some parts of
a gene evolve faster than others, an active site of an enzyme for example, generally
changes more slowly because it is functionally important. When comparing several
sequences to estimate a phylogeny, we should account for rate heterogeneity to avoid
k errors, 1.e., fast evolving, but otherwise unrelated, sequences clustering together.

)

@ © PhyML options
Model: |GTR vI
¢ aLRT (SH-like) ® None
O Bootstrap with[100  replicates
(@ Empirical © Optimized )
Ts/Tv ratic

Branch Support
Nucleotide equilibrium frequencies
_" =
'|O IO.lO )

..........................................

..........................................

Across site rate variation

O None # of rate categories[4 ~| <
® Optimized © Fixed |2.0

Tree searching operations
(@ NNI ©SPR O Best of NNI & SPR )

-

Now we will estimate the phylogeny again
with additional parameters in the substitution
model, which will correct for rate
heterogeneity among sites.

In the ‘Across site rate variation’ box
make sure ‘Optimized’ is selected.

ﬁhis option tells the program that the sites\
may evolve at different rates. Although the
method is complex, you can think of it as if

the program has a number of bins (rate
categories) with different rates of change

from slow to fast. During the optimisation

process the characters are sorted into the bin
that fits their profile best.

You can specify how many rate categories the

program should use. However, doubling the

meer of categories doubles the run time./

Starting tree
@® BioN] [ Optimize tree topology
Iser given v
A [s  random starts
Cance! [ Quiet Run/~ |

Usually 4 to 8 suffice.
Make sure ‘# of rate categories’ is set to 4.

fProportion of invariable sites: you can also include a parameter to optimise the proportion\
of sites in the alignment which cannot change. Most maximum likelihood models assume
that all sites in an alignment can change. However, there may be sites that are essential for
the correct functioning of the protein, for which substitutions cannot occur without
disruption the protein function. Such sites would break the assumptions of the model. The
invariable sites parameter was designed to adjust for this. However, it is often unnecessary if

\xou have defined a model with correction for rate heterogeneity.

the next section.

Select ‘Optimized’ from the ‘Invariable sites’ box to allow the proportion of
invariant sites to change. After selecting these parameters, ensure that you have selected
the same choice of substitution model as you did in the previous analysis. Now press
‘Run’ to begin the estimation process as before. Examine the tree; have the additional
parameters had any effect? Again note down the likelihood of the tree. We will use it in
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Comparing models with the likelihood ratio test

Kf he likelihood ratio test (LRT) can be used to statistically test the difference in fit of two\
nested evolutionary models to the data.
‘Nested” means that the more complex model must include all of the parameters of the
simpler model. For comparison of non-nested models, more complex methods are available
- see the notes on model selection at the end of this module.
Increasing model parameters can only improve the fit of the data to the trees, so more
complex models will always produce higher likelihood values ( = smaller negative log
likelihood values). However, to justify the addition of these additional parameters we want
\to know if they have provided a significant improvement to the fit to the data.

To perform a LRT we must first calculate the likelihood ratio (LR) of our two models: \
LR = 2x(neglogl.1 - neglogl.2)

Where: neglogl.1 is the negative log likelihood of the simpler model, and neglogL.2 is the
negative log likelihood of the more complex model.

The LRT statistic approximately follows a chi-square distribution, so we can evaluate the
significance of our LR using chi-square significance tables (or calculate p-values using
statistical calculators)

However, as with any chi-square significance test, we need to know the degrees of freedom
(df). In a LRT the df are the difference in number of free parameters between the two
models.

The number of free parameters for the models in Seaview are listed in the table of models
on page 6 of this module. e¢.g. the GTR model has 8 free parameters. Both the gamma
parameter of among site rate variation and the parameter for estimating the proportion of
invariant sites add a single free parameter each.

To help you perform your LRT, we have provided a pre-formatted spreadsheet for
\calculating significance from your negative log likelihoods and the number of free /

parameters of the models you used.

Start LibreOffice Calc using the icon on the left of the screen and open LR _test.xls from
the phylogeny directory of Module 5. Type the negative log likelihood values you recorded
for your two trees into the appropriate boxes. Type the number of free parameters for your
two models into the appropriate boxes. It should look something like the image below.

simpler model |[more complex model |(LR/df diff
neglogL 4392.5 42341 316.8
df 8 10 2
P-value 1.6134E-069

Do the additions of the gamma and invariant sites parameters significantly improve the fit
of the model to the data?

9
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Phylogeny estimation with bootstrapping

Bootstrapping is a statistical technique for adding confidence intervals around an estimate,
in this case, a tree topology. Non-parametric bootstrapping involves repeated analysis of
the data set through “resampling with replacement”.

Imagine putting each site into a bag. Replicate data sets are created by randomly drawing
sites from the bag until a new dataset the same size as the original has been created.
Importantly, after a site has been drawn, it is replaced back into the bag. This means some
sites may be present more than once in the resampled dataset whilst others may not be
present at all.

Trees are then built for each replicate data set. Robust relationships, i.e. those that are

@eatable, will occur in a large proportion of randomised data sets. /

Estimate a bootstrapped phylogeny for the ompA data set by creating a new phylogeny as
before, with the addition of 10 bootstrap replicates. Click on ‘Bootstrap’ in the ‘Branch
Support’ box, and enter ‘10" in the replicates box. Processing of the 10 replicates may
take a few minutes, so you could move on while this is running. In practice you would want
to run more replicates (100 or 1000), but we are only using 10 for speed.

Branch Support
aLRT (SH-like) © None
Bootstrap with[10 replicates y,

(® O

WARNING!: bootstrap proportions are measures of robustness, or repeatability. A high
bootstrap value indicates that a given node tends to occur in every analysis. This does not
guarantee that the node is correct. For example, if the substitution model is inaccurate, it
could produce the wrong answer in every estimation.

You will notice that PhyML includes another branch support method called aLRT. aLRT
assesses whether each branch on the tree provides a significant likelihood improvement
over the same tree with that branch collapsed. We will not use this method here or discuss it
further. It is not equivalent to bootstrap, but is much faster and may be useful for assessing
branch support on large phylogenies.

10
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Once the search is complete, you can show the bootstrap values on the tree by ticking
this box.

Each node in the tree now has an associated value out of 100, its bootstrap. Can you
identify any nodes that are not robust? Unfortunately there is no generally accepted
threshold for significant bootstrap robustness, so you must use your judgement.

ompA_assembled-PhyML_tree

File Edit Font| [ Brlengths [v Bootstrap[squared | _Help |
@ Full © Swap © Re-root © Select © Subtree subtree Up |Zoom <| 1.0 ﬂ
PhyML In(L)=-4234.1 1194 sites GTR 10 replic. 4 rate classes 002,
I
1
K
80
/ Al
100
A2
L3
[ Bootstrap proportions ] 2434 BU
/ 100 L2b
L2
100
D1
90 \ 100 -
0 D2
11
80 2
’?1
100 |
NV
100 |1
F 2
100
G

From the trees that you have produced, which MOMP type would you suggest the new
variant (NV) strain belongs to?

Do the ompA trees agree with the separation of C. trachomatis into trachoma (serotypes A
to K) and LGV (L serotypes) biovars?

11
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i) MLST gene phylogeny using Artemis

Ksecond typing method used for many bacterial species is multilocus sequence typing\
(MLST). MLST involves the sequencing of fragments of a number (usually 6 or 7) of

housekeeping genes spread around the genome. In true MLST, each different allele for each

locus is assigned a number. Each unique allelic profile defines a sequence type (ST).

A number of MLST schemes have been devised for C. trachomatis, but we will use the
scheme of Dean ef al. (Emerg Infect Dis. 2009 Sep;15(9):1385-94.), which comprises the
following seven loci.

Gene name Locus tag in L2_cat.embl

glyA CTL0691
mdhC CTLO0630
pdhA CTL0497
vhbG CTL0022
PYkF CTLO0586
lysS CTLO150
\ leuS CTLO0461

/

If Artemis is not open, start it now and open the L2 _cat.fasta reference. Read in the
annotation (L2 _cat.embl) by ’Read Entry Into’. Open the NV.bcf file by selecting ‘Read
BAM / VCF’ from the ‘File’ menu.

P Y-Yo

Artemis Entry Edij
File Entries Select View| 'O ShOW the bCf ofthe
plasmid as well as the
{ chromosome, choose
Combine references

Entry: [v]L2 cat.embl
3 selected bases on reverse
—

|.ar-13841?6 ;

I 1l FAEI \

s 1111 A T PIUCTRIEIIEN T N e 1=

S
[«
source
source
4

i O RN S A IR TR I T AR .
DU W T e | You can reduce the befview
panel size by clicking on
. m[ieso%_feature 1600 2400 3200 |aa00 lssee| the border and dragging it
ORI T R e e w0 =
TR R IR R AR AR R TR TRiiiE
inn g To create more space NTIUWM‘W' S — =
[ ‘I’ " you can hide the second You can turn off the forward
o F oy reference panel by L8] and reverse frame lines by
ATG?CA?GG@TI’ECA%T# Clicking on the ... here jkTAﬁTTﬁAAgAnﬁc right CliCking on the
TAcrcrrcccAAGGrAAToATrrrocroGAocGrcmGEcmTrCACGTCGGCAAGC?AGATAWAAGrrcrrm&\I'efel'el’lCe panel Y

. ¥L SGNSFRGRLFRFLAATARDTITI®*®SVW
HCPKWS$+ FSRASVYSFTCGNSRYWNLFGLETRTVVQDPGDI KIEKTFTIA
L A EMY LV VECFGFFHLRETS+LELTFGVYRN r:1 HS SR AWRE # L H ¢

1 1038842
1 1038842

|

SO ELSKTIOJOGHWNEKRTLTSTP

| [+«

12



Module 5: Phylogenetics

As you saw in the mapping module, bcf files contain support values for each variant.
Before writing out the alignment of the MLST genes it is crucial to filter the variants so
that only strongly supported variants are included in the alignment.

Right click on the befview panel and select the Filter option. You can choose your own
filters, but we would suggest something similar to the following:

@ ® @ Variant Filter

Type [ Info | Genotype
VARIANT TYPE
Synonymous
1 Non-synonymous
Click these buttons to v
[v] Deletions
tum on al’ld Off types Of [v] Insertions
. [v]Multiple alleles
Varlant' [v] variants not overlapping CDS
Non-Variants
[[IManual Annotation
Filter Overview:
MANUAL_FLAG Manual Annotation
APPLY I 0K ‘
Type | Info | Genotype
VARIANT PROPERTY: [
MIN MAX
( Quality score (OUAL):[so [ |
INFO FIELDS:
Enter values in these MIN e r
DP (Integer)
boxes to filter values MIN MAX MIN MAX MIN
DP4 (Integer) [ [ £ I I
MIN MAX
below a minimum < g (Integer) R a
MIN MAX
value or above a I | [ ‘
maximum value N X
AF1 (Float)
MIN MAX
ACL (Float) [ [ |
MIN MAX MIN MAX MIN
K G3 (Float) [ [ IE I |+
MIN MAX Ad|
<] Il [ [»
Filter Overview:
MANUAL_FLAG Manual Annotation
INFO: MQ INFO: Root-mean-square mapping quality of co
FILTER QUAL:QUAL FILTER QUAL: QUAL , QUAL < 50.0
4 Il I [»
l APPLY I 0K ‘

/Importantly, note that we have also selected the ‘non-variants’ tick box. This option tells x
Artemis to also show sites which match the reference, rather than just variant sites,
provided, of course, that they pass the filters. This information is necessary when saving an
alignment, as it allows differentiation between regions that show no variation because they
are the same as the reference from those that show no variation due to a lack of mapping.
To apply the filters click on the ‘Apply’ button. Note what happens to the bcfview in the

QdLST gene regions. Once you are happy with your filters, close the Variant filter box. /

13
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O™ Artemis Feature Selector

Select by:

v| Key: CDS v

v| Qualifier: locus_tag v

Containing this text: [[LO022 CTLOS86 CTLOLSO CTLO461

v|Ignore Case v| Allow Partial Match
v|Match Any Word

And:

Up to: bases long
And:

At least: bases long
And:

Up to: exons long
and:

At least: exons long

And:
Contains introns without GT/GC start and AG end
And by:

Amino acid motif:

v|Forward Strand Features [v|Reverse Strand Features

Select Close

View

ﬁou have time, have a look at some of Q

MLST genes in Artemis. How does their
diversity within the C. trachomatis strains
compare to that of ompA? Can you think of a
possible reason that the diversity may be
different?

Rather than use fragments of these loci in a
true MLST typing scheme, we will extract
the sequences of the seven genes and run a

phylogenetic analysis on the concatenated
@ence. /

sure to tick the ‘Match Any Word’.

There are many ways in which you could identify and select the seven MLST genes in
Artemis, but one convenient method is using the ‘Feature Selector’ in the ‘Select’ menu.
We want to search for CDSs with the locus tags in the MLST scheme, so in the ‘Key’
dropdown box select CDS, and in the ‘Qualifier’ box select or type locus_tag. You then
now type the locus tags of the seven loci into the ‘Containing this text’ box, and make

To find the genes click on the select button. To check the results of your search, click on
the view button. This will list the features that have been selected by your search.

' ©©® All features with key "CDS" with qualifier "locus_t

Goto
30083

196047

View

Select

747767

Edit

30802 c
197627

556662 ¢

593037
694250
743747
1032 ¢

5819539 82

Write Run

Close

Check that you have selected the correct seven genes. Next we will write out their

sequences into a fasta file.
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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

7 selected features total bases 9717 total amino acids 3232 (CTLOE22 glyA mdhC pykF pdha leuS lysS)

A W A 1N

(A IR

[

misc misc_feature feature
kdsa
CTLOO23

CTLOG22

=  — () PN
CTLOBZL CTLOB26 *hE cTLed
 ——
recD CTLOG25

| —

Lo |
I [T 1=
misc_feature tRNA-Arg

|27200 |28600 |28500 |20600 {Poa%ﬁa ﬁzoo |32600 |32800 |33600 |za40¢

misc_feature c

PS00211 ABC transporters family signature.
misc_feature 30674 PS0017 ATP/GTP-binding site motif & (P-loop).
DS 30811
misc_feature 31219
sig_peptide
misc_feature

30697 ¢
31299 ¢
31287 ¢
31299 ¢
31272 ¢

31225

31240 PS00013 Prokaryotic membrane lipoprotein 1lipid attachment site.

DS 31296 32105 ¢

tRNA 32412 32484 tRNA Arg anticodon TCT, Cove score 86.53
DS 32501 32884

DS 32884 33201

DS 33283 34200

DS 34390 34626

DS 34765 36237 ¢

DS 36252 38069 ¢

38449
38500 38922
40168 40569

. s POV S D

& PR gy - ]

DS 39456
misc_feature
DS

1 probable transmembrane helix predicted for CTLGO23 by TMHMMZ2.0 at aa 5-27
Signal peptide predicted for CTLOG23 by SignalP 2.0 HMM (Signal peptide probability ©.99

HMMPfam hit to PFES201, Glutamyl-tRNAGLu reductase,M-terminal domai, score 3.9e-54

MK

il »

Add VCF ...
VCF files »

¥ Mark new stops within CDS features
¥ Separate out into samples

Choose this option to write the sequence
of one or more feature in the (e.g. CDSs)

¥ Show Labels

Show details of : AM884176.1:58976 .

Filter ... . .

Colour By 3 correct orlentatlon

Create »

Write M Filtered VCF f

View " FASTA of selected feature(s)

Graph | FASTA of selected base range . Choose this option to write the
Overview for selected features FASTA of variant sites only ... Sequence Of any Selected reglon

of the genome

Manual PASS / FAIL

We are now ready to write out the alignment of the NV MLST genes. To do this, make sure
the correct genes are selected in the embl file and right click on the befview panel. From

. You will be asked for a filename
for the alignment file. Call it NV_MLST fasta. Note the three options on the right hand

the menu choose ‘Write’ -> ‘Fasta of selected features’

side of the save dialogue box.

[v] Combine feature sequences

[¥]Use N for filtered out sites

[v]Use N for sites without non-variant

ﬁle ‘Combine feature sequences’ option is useful if you have selected more than one feature in thﬁ

file will be saved for each individual bef. This does not apply here.

reference when choosing to write the bef sequences. With this option selected, the sequences of each
feature will be concatenated together in one file. If you deselect this option you will save one fasta per
feature selected. We need to make sure this option is selected
The ‘Use N for filtered out sites’ tells Artemis that when a site fails the chosen filters, that base

should be written as an N (unknown) in the alignment. If you deselect this box any site that fails any

of the filters will be saved in the alignment as the reference base. Why might it be a bad idea?

The ‘Use N for sites without non-variant’ option is useful when there are non-variant sites

confirming the reference sequence as this will then write out ‘N’ for each of the non-confirmed sites.

If you have multiple bcf files open, a fourth option will appear. The ‘Single fasta’ option tells Artemis
Qsave the sequences of multiple bcf files into a single fasta file. If you deselect this option, one fasta/

15



Module 5: Phylogenetics

KWe have only output the MLST gene sequences for one Chlamydia isolate. If we had )
opened more than one bcf file in Artemis, we could have output the sequences for all of
those isolates in one go to create an alignment of MLST gene sequences. However, running
Artemis with many bcf files open can be slow, especially on the USB stick. An alternative is
to output the sequence for each strain into a separate file in exactly the same way as we

have for NV. You can then concatenate the separate files into one alignment file using the
‘cat’ command. Remember, though that the reference will be included in each file created

\_in Artemis. J

For speed we have provided you with an alignment of the MLST genes from the 15 other
C. trachomatis isolates you included in the ompA tree. These were produced in exactly the
same way as the NV_MLST.fasta file you just created. We will use cat to add the reference
and NV sequences and make a file containing all 17 isolates by typing:

cat Others MLST.fasta NV_MLST.fasta > Ct_ MLST.fasta

Open Ct MLST.fasta in Seaview.

rY-_Yr

Ct_MLST.fasta

File | Edit © | Align ¥ I Props © | Sites © | Species ¥ | Footers © | Search:” Goto:” Trees ©

sel=0 1 Seq:1 Pos:1|1 [A 1.bcf] 79

1

>
(=
o
(2]

-

L P A R

OO oCUOTOOO
noOononoonon
e R R

cs-n-nmrncc>l
ONFNFHEFNFEN

A M-
oo
0 n
- =h

L1.bcf
L2b.bcf
L2.bcf
L3.bcf
L2 cat.fasta
NV.bcf

c
c
c
c
™

[aNalalalalalalalalalalalalalaNalal
alalalale

alalalalaNalalalalalaNalalaNalals
alalalalalalalalalalalalalalalale
alalalalaNalalalalalalalalaNalale

L (B

II><-+_ L0 21 )y

Notice that there is only one sequence for each strain. This is because Artemis has
concatenated the sequences of the seven loci into one long sequence.
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To check all seven genes are in the alignment you can use Seaview to translate the
nucleotides into their corresponding amino acids. To do this, select ‘Props’ and then ‘View
as proteins’

r

P

Ct_MLST.fFasta

File © | Edit © | Align © | Props © | Sites © | Species ¥ | Footers ™ | Search:" Goto:" Trees © | Help
='| sel=0 201 Seq:1 Pos:240|238 [A 1.bc 279
A [ bcf]
= |A_1.bcf G G p G GINPYP C

A 2.bcf GKIFFEG H B h 2
R " oM e
D 1.bcf G G G G h C
- P 5 IR R B
D 2.bcf G G G G h C
- PR 5 oA
E 1.bcf G G G G h C
— R " oM
E 2.bcf G G G G h C
- PR = IR R B
F 1.bcf G G G G h C
- PR 5 oA
F 2.bcf G G G G h C
R = o
G.bcf G G G G P C
& 5 = o 2
I.bcf G G G G h C
PR 5 oA
Kbet . : 5 e luas
L1.bcf G G G G PYP C
L2b.bcf G G GINF P C
L2.bcf G ; ; PYP C
L3.bcf G G G PYP C
L2 cat.fasta G G GINPYP C
| | NV bcf GKIFFEG GINPYPYQYTDC
¥
I><+_ 4 M
e ™
To check you have seven genes in your alignment you can count the number of stop codons,
which are represented as asterisks (*) in the protein view. To do this you can either scroll
along the sequence or use the search box.
N J
Construct a maximum likelihood tree of the MLST alignment as nucleotides.
PhyML_tree
5| Editv | Font ™ | [~ Brlengths [ Bootstrap] squared vI Help |
@ Full © Swap © Re-root © Select © Subtree Subtree Up Poom 4| 1.0 Ll
PhyML In(L)=-14026.1 9717 sites GTR 4 rate classes 10.0005 / \
L2b-bef How does the tree compare with the
L2.bcf "))
L et et ompA tree you made earlier?
bt Do'es'the MLST gene tre§ S}lppOI’t the
- splitting of C. trachomatis into
A 1.bcf trachoma and LGV biovars?
A 2.bef Do the strains cluster by serotype in the
Lbcf MLST tree?
D_2.bef What biological processes could
G.bcf 0 0
i account for these discrepancies?
£ 1bet Do you think ompA is a good gene for
E_2.baf Qplng C. trachomatis isolates? /
NV.bcf
F 2.bcf
D 1.bef
F 1.bcf
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iii) Phylogeny from whole genome SNPs

4 )

In the past few years, with whole genome data being produced for large numbers of
bacterial isolates, it has become possible to use variation from whole genomes for
phylogenetic reconstruction.

Although it is possible to extract whole genome variation from Artemis in the same way as
we did for the MLST genes, this is not what Artemis was designed to do, making the
process slow. However, there are ways we can extract SNPs from bcf variation files at the
command line. Here we will use the vcfutils.pl script that is included with samtools and the

fastaq script.
| e J

At the prompt type the following command:
bcftools view -cg NV.bcf "AM884176.1" | vcfutils.pl vcf2fq -d 5 - > NV_WGS.fastq

together.

The command is in two parts separated by a pipe ‘|’, which simply tells the command line
to take the output from the first command and use it as the input for the second command.
The first command here is to use beftools view to change the compressed bef file into a text
file that is readable, which is then used as the input for vcfutils.pl. The -cg tells beftools
view to call SNPs. After the bcf file name you will notice we have included ‘AM884176.1°.
This is the name of the chromosome in the reference file (named using its embl accession
number), and tells beftools to only output variants on this contig.

The second command uses vefutils.pl vef2fq to filter the base calls and output the sequence
in fastq format. -d is a minimum depth cutoff, similar to that you have seen in Artemis. The
final ‘-’ in the command line tells it that the input is coming from the pipe rather than a file.
Finally the result is redirected into a file called NV_WGS.fastq.

-

although this command line looks complex, it is just things you’ve seen before put \

)

Next we need to convert the fastq format file to fasta:
seqtk seq -1 60 -A NV_WGS.fastq > NV_WGS.fasta

The sequence produced is not the complete genome of the NV isolate, as mapping only
allows variants to be called in regions present in the reference genome, as where the amount
of variation is not too great. Instead, the sequence produced is a pseudosequence of the
bases mapped against each base of the reference genome.

We have created pseudosequences for the other 15 isolates, and included these, along with
the reference chromosome sequence in a file called Others WGS.fasta

4 )

- J

Using cat, concatenate the Others_ WGS.fasta and NV_WGS .fasta files into a
single alignment called Ct_ WGS.fasta
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Try to open the alignment in Seaview. You will find it is much larger than the other
datasets you have used.

% CEt_WGS.fasta

File © | Edit © | Align © | Props © | Sites T | Species © | Footers ™ | Search:" Goto:“ Trees © |Hilp|

g sel=0 1 Seq:14 Pos:1|1 [L2 AM884176.1] 75
| A 1 AM884176. NNNNNEBG GCC
A 2 AM884176. NNNNNNNN GCC

D 1 AM884176. I

D 2 AM884176.
NN

E 1 AMB84176.
E 2 AMB84176.
F 1 AM884176.
F 2 AM884176.
G_AM884176.1
I _AM884176.1
K_AM884176.1
L1 AM884176.1
L2b AM884176.1
L2_AM884176.1

L3 AM884176.1

L2 cat AM884176.
NV_AMB84176.1

L N I = Sl ST S =

N OO OO 000000000000
alalalalalalalalalalalalalalalale
alalalalalalalalalalalalalaNalale

[aNalalalalalaslalaslalasNalaNaNaNaNal

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

¥

I[><+_ G 31
1
4 I

The Ns in the alignment represent bases that cannot be called from the mapping. This may
be because there is no mapping in a region due to a true deletion, or because the mapping of
that base fails to meet one of the filters imposed.

Although it is possible to run a tree on such a large dataset because phylogenetic methods
reduce the complexity by only analysing identical site patterns once, this may still be very
slow. Instead, we will extract only those sites which contain variation and run a tree on
those using a C script called snp_sites.

\_ )

At the command line, run this command:
snp-sites -o Ct_WGS_SNPs.fasta Ct_WGS.fasta

Open the SNP alignment in Seaview and make a tree as before. Do not include
the invariant sites parameter, as this would not makes sense — we have just
removed all invariant sites from the dataset.

4 N

How does the tree of whole genome SNPs compare to the other trees you have made?

What could cause analyses of different parts of the genome to produce different
phylogenies?

What does this tell you about ompA, MLST and whole genome SNPs for typing and
surveillance of C. trachomatis?
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Other useful Seaview features

/File Menu: \

* Save as... allows you to save your alignment in many formats, including fasta, phylip

(used by many phylogenetics programs), nexus (used by PAUP* and MrBayes), and many

more.

* Save selection. Allows you to save a region of your alignment masked with a set or an

alignment of only the selected taxa.

» Concatenate. Allows you to join multiple alignments together either based on the names

Qf the taxa or the order of the taxa in the alignment /
\

/

Edit Menu:

* In this menu there are options to delete, add, edit, reverse and reverse complement
sequences in your alignment

* You can view a dot plot of any selected pair of sequences

- J
N

Props Menu:
* This menu contains options about how the sequences are shown. If you select the Allow
seq. edition option, you can manually add or delete bases from the sequences

J

\

-
/Sites Menu:

* This menu allows you to create a mask (set) under the alignment, which you can use to
select a set of sites.

» When sites (also taxa) are selected, any tree run will only include the selected sites and
taxa.

K. You can save your selection using the save selection option in the file menu j

~
Search and Goto:

» Search allows you to find a sequence of nucleotides or amino acids in a sequence.
* Goto allows you to specify a base or amino acid number to move to in the alignment

FigTree: a more versatile tree viewer

/ Also included on your disk is a tree viewing program called FigTree. FigTree can open \
Newick format trees, as output by Seaview (see page 8). FigTree is more versatile than the
tree viewer in Seaview, allowing you to colour branches and taxa, redraw the tree in a
number of ways, collapse branches and output the results in a large number of graphics
formats including eps and pdf. It is particularly useful for preparing figures for manuscripts.
If you have time you may find it useful to try opening and editing your tree in FigTree.
FigTree can be opened by typing ‘figtree’ into the terminal. /
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Protein models

/In this exercise you have become familiar with phylogenetic analysis of nucleotide \
data. Analysing sequences on the protein level is very similar, but there are some

differences in the substitution models used.

When analysing nucleotide sequences our models optimise substitution rates from
the data. For a JC69 model this means optimising a single rate for all changes, while
for a GTR 6 substitution rates need to be optimised.
The 6 nucleotide substitutions:

A €------- > G <---% = transitions

<+— = transversions

When analysing amino acid data we have 20 “standard” amino acids, which would
require 190 substitution rates to be estimated. In most circumstances our data does
not contain enough information to estimate all of these parameters, and even if it did,
the calculation time would become prohibitive.

Instead we usually use a pre-made matrix of substitution rates calculated from large
collections of alignments of proteins of known function. PhyML provides a range of

options:
Model Alignment source
LG
\I;V:/ioff Nuclear globular proteins
Blosum62
MtREV Vertebrate mitochondrial proteins
RtREV Viral reverse transcriptase proteins
CpREV Chloroplast proteins
DCMut Extenstions to Dayhoff's PAM matrix
VT Nuclear globular proteins
MtMam Mammalian mitochondrial proteins
MtART Arthropod mitochondrial proteins
iV HIV-1 viral genes
HIVb

The most commonly used model over the last few years has been the WAG, as it is
generally applicable and in most cases gave the best results. However, the new LG
model seems to be a further improvement.

The gamma correction for among site rate variation, and invariant sites correction is

Kexactly the same as with nulceotide data /
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Model selection

/ One of the most difficult and important decisions in phylogenetic analyses is which\
model to choose. Overly simple models are not biologically realistic, and have been

shown to produce wrong trees in certain circumstances. For example, it is well known
that parsimony and overly simple ML models often place long, unrelated branches
together because they underestimate the number of multiple substitutions at sites.
This phenomenon, known as long branch attraction, is one of the major causes of
error in phylogeny.

Given the problems associated with overly simple models, it tempting to always use
the most complex models available, which estimate more parameters from the data.
Often you will find these are the best models for you to use.

AN INCREASE IN THE NUMBER OF MODEL PARAMETERS CAN ONLY
INCREASE THE FIT OF THE MODEL TO THE DATA AND THEREFORE CAN
ONLY IMPROVE THE LIKELIHOOD.

However, increasing the number of parameters reduces the amount of data we have to
estimate the correct value for these parameters.

One way to approach choosing a model is to run a mini analysis with a range of
models and compare the results. There are a number of tests that allow us to compare
the likelihoods of models with different numbers of parameters. These include the
likelihood ratio test, which you have used in this module, and the AIC.

You can run these tests using the programs JMODELTEST for nucleotides (a reduced
version called Findmodel is available online) and PROTTEST for proteins:

JMODELTEST:

http://darwin.uvigo.es/software/[MODELTEST.html
Findmodel:

http://www.hiv.lanl.gov/content/sequence/findmodel/findmodel.html
Prottest:
http://darwin.uvigo.es/software/prottest.htmi

A final warning note: never select a model with one of these methods
without thinking about the biology. If you’re working on Plasmodium,
would it be sensible to use a protein model produced from HIV

\sequences? /
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Alignment: some things to remember

/- It is worth spending time to make a good alignment. If your alignment is wrong, \
your phylogeny is also likely to be wrong

* Progressive alignment is a mathematical process that is completely independent of
biological reality

* Can be a very good estimate

e Can be an impossibly poor estimate
* Requires user input and skill

* Treat cautiously

e Can (usually) be improved by eye

* Often helps to have colour-coding

» Depending on the use, the you should be able to make a judgement on those regions
that are reliable or not

* For phylogeny reconstruction, only use those positions whose hypothesis of
\positional homology is strong /

4 )
FINALLY...

IT IS NOT USUALLY SENSIBLE TO ALIGN PROTEINS AT THE NUCLEOTIDE
LEVEL.:

- The result might be highly-implausible and might not reflect what is known
about biological processes.

- It is much more sensible to translate the sequences to their corresponding amino
acid sequences, align these protein sequences and then put the gaps in the DNA
sequences according to where they are found in the amino acid alignment.
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Module 6

Helminth de novo genome
assembly

Overview and aims

The aim of this practical class is to introduce you to some of the concepts involved in the
assembly of a eukaryotic genome. The workflow that you will be using is not extensive, nor
comprehensive, and like many bioinformatic tasks, there are many tools that do a similar
job. However, this workflow should give you an overview of how to perform a genome
assembly, and identify some of the ways to assess (and maybe improve) the quality of your
genome assembly.

The data you will be working with in this tutorial comes from a species of parasitic blood
fluke named Schistosoma mansoni. This parasite causes a disease called schistosomiasis that
affects approximately 200 million people who reside in Africa, the Middle East, the
Caribbean, Brazil, Venezuela and Suriname. The lifecycle of the parasite is shown in Figure 1,
which illustrates two main life history stages: (1) the maturation into adulthood and sexual
reproduction in the mammalian host (here a human), and (2) clonal reproduction and
transmissible stage in an intermediate host (typically a snail), and in the lakes and streams in
which the snail resides. The DNA for sequencing was derived from a maintained laboratory
line of S. mansoni at the Wellcome Sanger Institute, in which the mammalian host is a
mouse in the maintenance of the life cycle

Schistosomiasis

6 Cercariae released by snail A= Infective Stage

|ntu water and free-swimming = Di
Sporocysts in snail o A' Diagnostic Stage

(successive generahons)

/ _.. Cercariae lose tails during
{ 7,/' penetration and become
schistosomulae
X Penelrale
skm /
£ \
@ @ é £ Circulation

o Miracidia penetrate
snail tissue (A}
Migrate to portal blood
d in liver and mature

into adults )
o' in feces A in urine c ? /
|

Eggs hatch r@

releasing mlramdla
Paired adult worms migrate to:
I3 mesenteric venules of bowel/rectum
A (laying eggs that circulate to the
S. mansoni S. haematobium liver and shed in stools)
C venous plexus of bladder

\J‘"\ S /aponrcum N

Figure 1. Schistosoma mansoni lifecycle.
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The data you will be using was generated by the Parasite Genomics group at the Wellcome
Sanger Institute; a draft genome sequence was initially published in 2009 (Berriman et al.
2009 https://doi:10.1038/nature08160), followed by an improved version in 2013 (Protasio
et al. https://doi.org/10.1371/journal.pntd.0001455); however, it has subsequently been the
focus of further improvement, particularly using long read Pacbio data and genetic mapping,
and now is largely complete in chromosome-scale scaffolds (7 autosomes + Z/W sex
chromosomes) that total approximately 380 Mb in length.

Genome assembly of a 380 Mb genome is a relatively big task and is suited to a computer
cluster environment, and not personal computers. To make things manageable in terms of
computer power and run time, we have selected data that corresponds to a single S.
mansoni autosome, designated chromosome IV, which is approximately 47 Mb in length.
While only a fraction of the S. mansoni genome, a single chromosome is comparatively huge
relatively to many prokaryotic genomes, and still comes with the complexity of an eukaryotic
genome that is not often present in a prokaryote.

To assemble the 47 Mb chromosome IV, we will use the following workflow and
demonstrate following concepts:

Step 1: Checking raw sequencing data before assembly
- Tools used: FastQC, MultiQC, Kraken

Step 2: Estimating your genome size from raw sequence data
- Tools used: Jellyfish, GenomeScope

Step 3: Performing a genome assembly using either [llumina short read or Pacbio long read
data
- Tools used: Canu, Spades, Miniasm

Step 4: Comparison of your assemblies against a known reference sequence
- Tools used: Nucmer, Assemblytics

Step 5: Further exploration of your genome assemblies
- Tools used: Bandage, Nucmer, Genome Ribbon
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Tips to get you started

- read the text! They contain lots of hints that should help you to answer some of the
questions

- Grey boxes contain instructions for running commands

# run FastQC for read 1 and read 2 '\
$ fastgc SM V7 chr4 illumina Rl.fqg
$ fastgc SM V7 _chr4 illumina R2.fqg

. \

A line stating with a “#” and is blue is an
instruction — it does not need to be typed

A line stating with a “$” is a command and needs to Commands in BLACK need to be run.
be typed into the command line to run. Each line that Commands in RED do not need to be run —
begins with a $ represents a new command they have been run for you to save time.

# your first command — move to the working directory to get
started!

$ cd /home/manager/Module 6 helminth denovo assembly
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Step 1: Checking raw sequencing data before assembly

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 assembly is performed should
give you some confidence in whether your data is sufficient to undertake a genome assembly,
and may provide some insight into how an 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 fastq 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.

% FastQC == ﬂ’@
EileL Y-axis is the phred scaled
bad_sequence.txt | good_sequence_short. txt quality score.

Basic Statistics N . X
Quality scores across all bases {Illumina >v1.3 encoding)

JCAEICAE ICIEIC

3
Per base sequence quality — .

Per sequence quality scores 30 BN

Per base sequence content

8 2
H
H
H
H
—
+—
—
i
i

) Per base GC content
) Per sequence GC content |22 r ~H- T

Per base N content

L QL]

Sequence Length Distribution|16

( | Sequence Duplication Levels

) Overrepresented sequences |1

Kmer Content

ITIT

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

Paosition in read (bp) v\

Base position in each read.
All reads are compared

Figure 2. Example FastQC output.
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: |s 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 works 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 databases contain
comprehensive bacterial and viral species lists, however, it may also contain human and
mouse profiles. Kraken 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 given 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 Kraken report to determine if there are any contaminants

# go to the working directory
$ cd /home/manager/Module 6 helminth denovo assembly/step 1

# run FastQC for read 1 and read 2
$ fastgc SM V7 chr4 illumina Rl.fq
$ fastgc SM V7 _chr4 illumina R2.fq

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

$ multiqgc .

$ firefox multiqc report.html &

# Once you have finished exploring FastQC/MultiQC, open the
kraken report to determine the proportion of the read data
that is “unclassified”. You should only need to top 100 lines or so of this much
$ head —m 100 kraken.report P larger file, which we can access using “head —n 100”
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The kraken report

* The output of kraken-report is tab-delimited, with one line per taxon. The fields of the
output, from left-to-right, are as follows:

* Percentage of reads covered by the clade rooted at this taxon
* Number of reads covered by the clade rooted at this taxon
* Number of reads assigned directly to this taxon

* Arank code, indicating (U)nclassified, (D)omain, (K)ingdom, (P)hylum, (C)lass, (O)rder, (F)amily,
(G)enus, or (S)pecies. All other ranks are simply '-'.

* NCBI taxonomy ID
* indented scientific name

Questions you should be asking:
- FastQC / MultiQC output
- What are the similarities / differences between read 1 and read 2?

- Are the base quality and nucleotide frequency distributions relatively level, or
are they uneven?

- Kraken

- What proportion of the reads are “unclassified”, and therefore potentially
S. mansoni reads?

- What looks to be the main contaminant? Why might this be so?
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Step 2: Estimating your genome size from raw
sequence data

In this tutorial, we are in the unique position to already know what the length of the
chromosome sequence were are trying to assemble. However, if sequencing a new species
for the first time, we may not know what the genome size is. Knowledge of the genome size
can be an important piece of information in its own right, however, it can also be useful to
help parameterise some stages of the genome assembly.

We can estimate the genome size based a calculation of the kmer coverage of our reads. We
introduced kmers in the last section — they are simply a string of nucleotides of a given
length. The relationship between kmer coverage and genome size is described by:

—_ L—-k £ 3 Nreads *L

C —
kmer L G

Where C;,,., is the average kmer coverage, N,.,4 is the number of reads, L is the average
read length, k is the length of the kmer, and G is the genome size (Vurture et al 2017;
https://doi.org/10.1093/biocinformatics/btx153; supplementary data). It is not important to
know this equation, however, we illustrate it to demonstrate that kmer coverage can be
informative about genome size.

There are a number of different tools available to count kmers (https://omictools.com/k-
mer-counters-category) and to calculate the genome size. Today, we are going to count
kmers using Jellyfish (http://www.genome.umd.edu/jellyfish.html ), and use the output to
calculate the genome size using a online web tool called GenomeScope
(http://qgb.cshl.edu/genomescope/info.php).

You can explore some examples of kmer spectra and genome size estimates on the
GenomeScope website. Figure 2 presents an example of a Drosophila dataset (quick access
here: http://genomescope.org/analysis.php?code=example5); the difference between the
two plots is the scale on the axes, with the first plot zoomed in, and the second plot zoomed
further out. In both plots, the blue data represents the actual kmer frequency data
generated by Jellyfish. The dark black line represents a model of the kmer spectra, used to
characterise the number of peaks, which are indicated by the black dashed line. The orange
line represents very rare kmers (low coverage), which are likely associated with sequencing
errors and are ignored. This data is used to estimate the genome size, taking into account
the heterozygosity and error of the sequencing reads.
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GenomeScope Profile

GenomeScope Profile :
len:129,006,57 :90.6% het:0.646% kcov:20.7 err:0.173% 1.
len:129,006,575bp uniq:90.6% het:0.646% kcov:20.7 err:0.173% dup:1.53 n:129,006,575bp uniq:90.6% het:0.646% kcov:20.7 err:0.173% dup:1.53
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Figure 3. Example GenomeScope output. Kmer coverage is presented on the x-
axis, and kmer frequency on the y-axis.
* Tasks

* Run jellyfish on your raw sequencing data
* Upload your kmer count data to GenomeScope and estimate the genome size

# go to the working directory
$ cd /home/manager/Module 6 helminth denovo assembly/step 2

# run Jellyfish commands. The first step will take a few
minutes
$ jellyfish count -C -m 21 -s 1000000000 \ <«

The “\” allow a long

-t 4 ../step 1/*.fq -o my reads.jf command to be slit over
. . . _ ce o\ L multiple lines. They don’t
$ jellyfish histo -t 4 my reads.jf \ <« need to be included if you
> my reads.histo write the whole command on
- asingle line

# Once Jellyfish commands have been run and you have the
“reads.histo” file, open the webpage:
http://gb.cshl.edu/genomescope/

# Upload reads.histo to GenomeScope
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GenomeScope Home Info  Examples

Run GenomeScope Drag and drop your
“reads.histo” file here

Instructions

Upload results from running Jellyfish. Example: inputk21.hist

Instructions for running Jellyfish:
1. Download and install jellyfish from: http://www.genome.umd.edu/jellyfish.ntmi#Release

. . . 2. Count kmers using jellyfish:
Click or drop .histo file here to upload

$ jellyfish count -C -m 21 -s 1000000000 -t 10 *.fastq -o reads.jf

Note you should adjust the memory (-s) and threads (-t) parameter according to your server. This example will use 10 threads and 1GB
of RAM. The kmer length (-m) may need to be scaled if you have low coverage or a high error rate. You should always use “canonical
kmers* (-C)

Description my sample 3. Export the kmer count histogram

$ jellyfish histo -t 10 reads.jf > reads.histo

Kmer length = 21
Again the thread count (-t) should be scaled according to your server.

4. Upl . hi
Read length 100 Upload reads.histo to GenomeScope
Note: High copy ber DNA such as can confuse the model. Set a max kmer coverage to avoid this. Default is -1 meaning no
filter.

Max kmer coverage 1000

m \ It is not necessary to change any other

parameters. Just submit!

Figure 4. GenomeScope webpage. http://gb.cshl.edu/genomescope/

* NOTE: if you would like to use your own data, check the read length and modify the
input above accordingly.

Questions you should be asking:
- what is my predicted genome / chromosome size?
- how does it compare to the expected size?

- what does changing the kmer length do?

10
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Step 3: Performing a genome assembly using either
lllumina short read or Pacbio long read data

Now that you have performed some QC on your raw data and estimated your genome size,
it is now time to perform a genome assembly. There are a huge number of tools dedicated
to genome assembly; OMICS tools describes 163 dedicated for de novo genome assembly
(https://omictools.com/genome-assembly-category), however, there are likely others.
Furthermore, there are likely to be at least as many tools that value-add to a genome
assembly, including but not limited to scaffolders, circularisers, gap closers etc. The choice of
assembler and subsequent add-ons is dependent on the type of data available, type of
organism, i.e., haploid, diploid etc, genome size, and complexity of the task among other
variables.

The aim of this practical is not to assess these tools or promote any particular tool(s) in any
meaningful way, but to compare and contrast two technologies commonly used in genome
assembly: lllumina short-read and Pacbio long read.

Illumina short read sequencing has been the workhorse of genome assembly and
resequencing studies for the last few years, and continues to be the main technology for
high throughput genome sequencing. This is because it is possible to sequence millions to
billions of short reads at the same time. A genome assembly using lllumina short reads
begins by fragmenting DNA into ~300-500 bp lengths (less than 1000 bp), after which
universal sequencing adapters are ligated to each end to generate a sequencing library.
These adapters enable a site for a sequencing primer to bind, the attachment of the library
read to the sequencer, and may contain barcoding indices to allow sample multiplexing.
Sequencing is typically performed using a paired-end chemistry, which means that two
reads are generated per library fragment, one from the beginning of the fragment, ie. read 1,
and one from the end, ie. read 2. Depending on the chemistry and sequencer used, these
paired-reads will each be ~100-250 bp in length; therefore, some read 1 and read 2 pairs will
overlap, whereas others will be separated by a gap, dependent on the library fragment and
sequencing read lengths. After sequencing, paired-end reads (which maintain their
relationship and orientation via information coded in their name in the fastq output files) are
assembled, resulting in contigs — contiguous stretches of assembled sequence that do not
contain gaps - and scaffolds — which are assembled sequence that do have gaps, typically
generated by the spanning of two contigs by read pairs that do not overlap and lack
nucleotide coverage in the gap. The contiguity is therefore dependent on the ability to find
unique overlaps between read pairs; features of the genome, including by not limited to
repetitive and/or low complexity regions, or even inherent genetic diversity in the
sequences, cause uncertainty in the assembly and often prevents further extension of a
contig or scaffold. To overcome some of these difficulties, library preparation approaches to
produce mate-pair or jumping libraries may be performed, which increase the gap distance
between the paired-end reads, ie., 3-kb, 8-kb, 20-kb, and in turn, may span the difficult to
assembly region; this results in an increase in the scaffold- but not contig length overall.
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Figure 5. Overview of Illumina short read (A) and Pacbio long read assembly approaches (B).

While lllumina library preparation aims to sequence from fragments of DNA that are only a
few hundred base pairs long, Pacbio sequencing aims to sequence DNA fragments that are
tens of kilobases in length, ie. 10s-100s of times longer than lllumina reads. The key
advantage of this approach is that many short, complicated genome regions that would have
broken an lllumina assembly are spanned by Pacbio long reads, and therefore can be
assembled accurately. Moreover, the longer read lengths increase the probability of
identifying unique overlaps between reads. Both features enable significantly longer contig
lengths from an Pacbio assembly when compared to an Illlumina assembly alone.

One feature of all sequencing technologies is that sequence quality declines over the read
length - you should have observed this in your FastQC analysis of raw Illumina reads (Step 1:
Checking raw sequencing data before assembly). Pacbio reads are not only much longer than
Illumina reads, but that when sequenced, the raw reads produced are derived from a single
molecule of DNA. This differs from Illumina reads, in which a “raw” (but really, a consensus
sequence) is generated from a cluster of reads representing the original library fragment. For
these two reasons, Pacbio reads are more error-prone than lllumina reads. To overcome
this, two initial informatic “correction” steps are undertaken prior to assembly (Figure 5B).
Raw DNA is fragmented and size selected to achieve fragment lengths in the 10s of
kilobases, before the addition of barbell adaptors, which provide sequencing primer binding
sites. Sequencing is performed by the polymerase attaching to the barbell adaptor, and
processing around the circle to produce a raw read, which contains the library insert
sequence flanked by the adapter sequences in an array. In the first correction step, the raw
read is trimmed to remove adapters, and the library inserts are aligned to produce a
consensus sequence. In the second correction step, the longest of the first round consensus
sequences (~30-40% of the total reads) are used as a template to map the remaining
shorter, more accurate reads; taking the consensus of the mapped reads, in turn, corrects
the longer reads. In this way the more error prone long reads increase in quality, which is
ideal from an assembly point of view. Only these long, twice corrected reads are used for
the genome assembly.

The process of error correction does take a substantial amount of time and compute
resources. It has recently been demonstrated that the second error correction step can be
sacrificed to significantly increase assembly speed and the cost of assembly base-level

12
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accuracy, i.e., it is uncorrected, and so the assembly error rate is similar to the read error
rate. We will perform a raw Pacbio assembly using Minimap and Miniasm to compare with
our other two assemblies.

* Tasks

* Run the Miniasm command to generate your first Pacbio assembly of Chromosome
vV

* The Canu and Spades assemblies have been provided for you — it would take too
long to run these here — however, we have provided the commands for your
reference

* Determine the assembly statistics of each genome assembly

go to the working directory
cd /home/manager/Module 6 helminth denovo_assembly/step 3

RS

run the Miniasm assembly
minimap2 -x ava-pb —t4 SM V7 chr4 subreads.fa \
SM V7 chr4 subreads.fa > SM V7 chr4.minimap.paf
miniasm -f SM V7 chr4 subreads.fa \
SM V7 chr4.minimap.paf > SM V7 chr4.miniasm.gfa
$ cat SM V7 chrd4.miniasm.gfa |
awk '$1=="S" { print ">"$2"\n"$3} ‘ \
> MINIASM SM V7 chré4.contigs.fasta
# run time: stepl ~ 20 mins, 20 Gb RAM, 4 threads, steps2 and
3 are quick (< 1 min)

RS

W

# run the Canu assembly

$ canu genomeSize=43M -pacbio-raw SM V7 chr4 subreads.fa \
—d PB_SM V7 chr4 -p PB_SM V7 chr4 \
java=/software/jdkl.8.0 74/bin/java

# run time: ~ 6h, 30 Gb RAM, 4 threads

# run the Spades assembly
$ dipspades.py -o SPADES SM chr4 \

-1 SM V7 _chr4 illumina R1l.fq \

-2 SM V7 chr4 illumina R2.fq --threads 4
# run time: ~ 50h, 6 Gb RAM, 4 threads

Once you have your assemblies, you will probably want to know how well they have come
together. We will do this in two ways, first by generating and comparing basic statistics
about the assemblies, and secondly from a comparative genomics perspective by visualising
how well each assembly compares to the known reference, and to each other (next section:
Step 4).

13
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Table 1 below outlines the data we will generate about each assembly. Each is relatively self-
explanatory, however, you may not have been introduced to N50 and N50(n). These
statistics are a measure of how contiguous a genome assembly is. Imagine if your assembly
is sorted by sequence length, ie., longest to shortest; your N50 is defined as the sequence
length at which 50% of the entire assembly is contained in contigs or scaffolds equal to or
larger than this contig. It is essentially the midpoint of the assembly. The N50(n) is simply
the contig number in which the N50 base is found. More contiguous assemblies will have a
higher N50 (and lower N50(n)), whereas more fragmented assemblies will show the
opposite trend. Note that you can artificially increase N50 by randomly joining sequences
together, and therefore, misassembly or overassembly can inflate N50 values. It is important
to not completely rely of N50 as absolute truth and to perform other assembly validations if
possible.

# calculate the assembly statistics for all three assemblies,
and complete Table 1 below.

$ assembly-stats PB_SM V7 chr4.contigs.fasta
$ assembly-stats MINIASM SM V7 chré4.contigs.fasta
$ assembly-stats SPADES SM V7 chr4.consensus contigs.fasta

Table 1. Comparison of assembly stats

e

Assembly size

Number of
sequences

Longest sequence
Average size
N50

N50 (n)

Questions you should be asking:
- how do my assemblies compare to the expected size of chomosome IV?
- what is the impact of long reads versus short reads on assembly contiguity?

- how did the uncorrected (Minimap/miniasm) assembly compare to the corrected Canu
assembly?

14
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Step 4: Comparison of your assemblies against the
known reference sequence

Now that we have three independent genome assemblies, we would like to see how they
compare to the reference chromosome IV sequence. This is only possible because we
already have a reference sequence, however, if you have a closely related species with a
more contiguous reference, it might be worth trying. If you do not have a good reference to
compare against, you could simply compare different versions of the de novo assembly to
see how they compare (we would like you to do this if you have time).

There are a number of ways to compare genomes. We will be using nucmer to do the DNA
vs DNA sequence comparison, and the web application Assemblytics
(http://assemblytics.com/) to visualise the comparison. Assemblytics is a nice way
to visualise this comparison, as it not only allows a “zoomed” out view of how the genomes
compare (via the Interactive dot plot), but it also provides base-level and small structural
variant statistics. These can be informative particular when comparing different sequencing
technologies, ie., lllumina versus Pacbio, and may reveal inherent biases in each.

* Tasks

* Run nucmer of each of the three comparisons, ie. Ref vs PB, ref vs miniasm, ref vs
illumina

* Explore each of the interactive dotplots

* Compare the base level statistics for each comparison (these are the colour plots)

# go to the working directory
$ cd /home/manager/Module 6 helminth denovo assembly/step 4

# run nucmer to generate the comparison between the reference
and each genome assembly. We have provided one example, but we
would like you to run all three assemblies against the
reference.

$ nucmer -maxmatch -1 100 -c 500 SM V7 chr4.fa \
../step 3/PB SM V7 chré4.contigs.fasta -prefix chr4 v PB

$ gzip chr4 v PB.delta

open the webpage: http://assemblytics.com/

upload the OUT.delta.gz using the instructions provided
note that that upload might take a minute or two to analyse
the raw data and provide the data output / plots

F* F F I
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Instructions Drag and drop your Run Assemblytics

“delta.gz” file here
Upload a delta file to analyze alignments of an assembly to another asset

1. Download and install MUMmer
2. Align your assembly to a reference genome using nucmer (from MUMmer package)

$ nucmer -maxmatch -1 100 -c 500 REFERENCE.fa ASSEMBLY.fa -prefix OUT Drop delta file here to upload

Consult the MUMmer manual if you encounter problems

3. Optional: Gzip the delta file to speed up upload (usually 2-4X faster)

$ gzip OUT.delta

Description my favorite organism

Then use the OUT.delta.gz file for upload. PR
Change “Minimum y S 1 10000
o q nique sequence length require
variant size” to 1 g g il
Important: Use only contigs rather than scaffolds from the assembly. This will prdvent false positives when the
number of Ns in the scaffolded sequence does not match perfectly to the distance

4. Upload the .delta or delta.gz file (view example) to Assemblytics

Maximum variant size =~ 10000
The unique sequence length required represents an anchor for determining if a sequence is unique enough to safely

call variants from, which is an alternative to the mapping quality filter for read alignment. - X .
Minimum variant size =~ 50

Submitl |——» m

Figure 6. Assemblytics hompage and upload instructions

Note: once your analysis competed successfully on the website, it will generate a http link
that you can use to visualise your data even after you have closed your browser down. This
is nice, as it means you can easily share this analysis via email of the link. Make a note of
each http link for each comparison so you can compere each comparison.

View analysis later

Return to view your results at any time:

http://qb.cshl.edu/assemblytics/analysis.php?code=2cSgBJSEAQIS3XScYpuV Take note of this link for

each comparison!

Progress

Analysis completed successfully

Figure 7. Assemblytics output — saving the http link for future reference

To help you visualise and interpret the interactive dot plot, we have provided some
examples of pairwise DNA sequence comparisons that are commonly observed (Figure 7).
Ideally, we are looking for a perfect match (a), however, there are many feature of a genome
that either complicate, and often break, assemblies, including repeats (b), palindromes (c),
and low complexity repeats such as microsatellites (e) to name a few. See what features are

present in your assemblies, and if there are features associated with the ends of contigs that
might be associated with breaking your assemblies.

vamam sae

Interactive dot plot < Link to interactive dot plots. Note
that you can zoom in and out to

see more detail.
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Figure 8. Schematic of dot plot examples. Originally from goo.gl/P4QTFd; adapted from
http://slideplayer.com/slide/10357320/

Questions you should be asking:

- how does each assembly compare against the reference?

- particularly in the ref vs PB dot plot comparison, what sequence features are found and
sequence ends, and why might they be there?

- are there base level characteristics found in one assembly but not the other? Is there
anything specific to the Pacbio assembly but not lllumina assembly, and vice versa?

- what sequence features define the uncorrected Miniasm in particular?
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Step 5: Further exploration of your genome
assemblies

Now that we have compared and contrasted our initial ggnome assemblies, we would now
want to think about ways of improving them to make them more contiguous — each of our
assemblies is still some way off being a single sequence, i.e., a single chromosome. One way
would be to generate additional, complementary data that might be used to scaffold the
existing contigs together to create much longer sequences. Approaches include generating
mate-pair libraries, or alternate long range sequencing technologies such as Nanopore,
optical mapping, or HiC to name a few. However, this is obviously outside the scope of this
tutorial.

Our assemblies are currently represented in a FASTA file; each individual sequence is
presented separate from each other, and there is no information that links each sequence to
each other. However, in generating the assembly, the assembler catalogs overlaps between
sequences with the aim of joining / extending existing sequences; if there is a single overlap,
a join is made, however, if there are two or more overlaps between which the assembler
cannot confidently make a decision, it will not make the join and report multiple sequences.
These multiple paths between sequences might be due to genetic variants, haplotypes,
repeats etc. Importantly, some assemblers record these multiple paths in a structure known
as a genome graph. These genome graphs are composed of:

- nodes — these are the individual sequences presented in the FASTA
- edges — these link two nodes together

- paths — describes the linking of nodes via edges to form a longer sequence

We will use the tool Bandage (https://rrwick.github.io/Bandage/) to visualise the genome
graphs produced by miniasm and spades assemblers, and demonstrate how to extract
extended sequences from these graphs to extend your genome assemblies. We will compare
your new sequence against the reference using the web tool, Genome Ribbon
(http://genomeribbon.com/), which is similar to ACT, but is more suited for larger genomes.

Tasks
- visualise and compare the Pacbio miniasm and lllumina Spades genome graphs

- using the Pacbio miniasm graph, construct a path through the graph, making a new
sequence

- compare your new sequence against the reference

18
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# go to the working directory
$ cd /home/manager/Module 6 helminth denovo assembly/step 5

# load Pacbio miniasm genome graph into Bandage. This file was
made during the miniasm assembly

$ bandage load SM V7 chr4.miniasm.gfa

# use Bandage to explore the graph

Selection

Graph information
Nodes =

- —P
Nodes: 119 Sequences

(1] Edges: 122 "Thick” lines
Total length: 47,714,4

« Click on any node or edge to select it.

More info Edges =Hoidin
"Thin” lingsstion
that connect
Graph drawing maEkes
Once the
Bandage @ Scope: |Entire graph =
window - * Click and drag to select large numbers of nodes and edges.
ermeaTs, alid \ @ style: @ single Double
o Iy (1] Draw graph
Graph”

The genome graph is sorted by size, with the largest sequence(s) in the top left corner, which
get progressively smaller down the page. The colours represent difference sequences in the
genome, which are called “nodes” in the graph. These are joined in some cases by thin black
lines called “edges”, which where possible, describe the relationship between sequences.
Graphs therefore provide an additional level of detail over the genome sequence alone;
each node is represented as an independent sequence in a fasta file, however, in a genome
graph, alternate paths that connect nodes can be visualised. These alternate paths typically
break assemblies, as the assembler cannot reliable choose a single path to extend the
assembly.

Explore the genome graph, zooming into some of the groups of sequences. Some consist of
a single node, i.e., a single contig sequence, with no relationships to other sequences,
whereas other are more complex, in which larger nodes may be connected by two or more
alternate nodes.

# Once finished, load the Illumina (SPADES) graph (made during
the Illumina assembly) into Bandage, and compare.

$ bandage load SM V7 chr4.spades.gfa

# Note that this file will take longer to load than the
previous one.
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Module 6: Helminth de novo genome assembly

Once Bandage loads, we are going to limit the amount of data displayed to enable faster
viewing.

1. Under the “Graph drawing” subheading, select “Depth Range” in the “Scope” drop-down.
2. Set the "min” to 5 and “max” to 30
3. Click on “Draw Graph”

NOTE: if the graph has not appeared after 2-3 mins, click on “Cancel layout”, after which the
graph should appear shortly.

Graph information Graph information
Nodes: 158,756 Nodes: 158,756
(] Edges: 224,456 o Edges: 224,456 ;
Total length: 50.049.418 Total length: 50,049,418 Laying out graph...
More info More info _
v Cancellayout
_________ | Graph drawing

Graph drawing
. & Scope: Depthrange
& Scope: Entire graph

Around nodes O Min: 5.0

| |
: |
Around BLAST hits | | @ Mmax: 30.0
|
|
|

& Style:

I if graph is taking more than 2-3 mins to
| draw, click “Cancel layout” to stop. It

Y B Depth range

_________ l (1] Draw graph

@ style: @ single () Double will draw a proportion of the graph.

The Illumina genome graph will look *quite* different to the Pacbio miniasm graph.
Zoom out completely to give you a sense of the scale of the graph.

* If you recall from the “assembly-stats” output in step 3, the lllumina assembly was in
many more pieces than the Pacbio assemblies. The graph reflects this by the large
number of unique nodes present.

Move to the top left hand corner containing the largest collection of sequences, and take a
closer look by zooming in.

* The graph also demonstrates the reason for the fragmentation in the lllumina assembly;
the relationships between nodes is often much more complex with many more paths
present, due to non-unique edges between sequences.

* You should also see in this this graph (if you look closely) that there are many paths that
terminate suddenly. If you looker closer still at the direction of the edges connecting the
nodes, some look to turn around, resulting in a duplication of the sequence. This might be
due to repetitive or haplotypic sequences in the assembly.
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Lets perform a basic improvement to our Pacbio miniasm assembly, by trying to use the
graph information to string multiple nodes (sequences) together to produce a longer
sequence.

1. Reopen the Pacbio miniasm graph as you have done so previously.

# make sure you are still in the correct working directory
$ cd /home/manager/Module 6 helminth denovo assembly/step 5

$ bandage load SM V7 chr4.miniasm.gfa

2. Draw graph. Zoom in on the top left hand corner on the largest graph

3. Select a node, and while continuing to hold the “ctrl” key, select multiple nodes in a
linear path

1. You can move the nodes around if you need to to make it clearer / easier to see the path by clicking on one
and dragging it to the side

2. Be careful not to double back on yourself — it will not save if it is not linear. For example:

Path through nodes
is highlighted in
A/ blue. Look carefully
at the edges to
determine direction
of path

4. To save your path, go to “Output”, and select “Save selected path sequence to FASTA”,
and then save it as “path_sequence.fasta” and click on “save”

File Edit Tools View Select Output Help

Copy selected node sequences to clipboard

Graph information
Save selected node sequences to FASTA

Nodes: 119
o Edges: 122 Copy selected path sequence to clipboard
Total length: 47,714,497 % Save selected path sequence to FASTA — To save path
More info * . Specify exact path for copy/save
Save entire graph to GFA
Graph drawing = Savevisible graph to GFA

Save entire graph to FASTA (both positive and negative nodes)
Save entire graph to FASTA (only positive nodes)

@ Scope: | Entire graph

@ style: @ Single () Douf
Web BLAST selected nodes

(i ] Draw graph
> Save path sequence
Name: [.fasta ]
Saveinfolder: | <« | [mimanager | Module_helminth_denovo_assembly || step_S| Create Folder
Places Name 4 Size Modified
Q search |_| MINIASM_SM_V7_chr4.contigs.fasta 47.7 MB Yesterdayat 15:13
@ Recently Used || path_sequence.fasta 3.7MB  09:34
i step_5 |1 PB_SM_V7_chr4.contigs.fasta 48.3MB Yesterdayat 15:13
i@ manager || SPADES_SM_V7_chr4.consensus_contigs.fasta 34.6 MB Yesterday at 15:13
@ Desktop
! File System
FASTA 2
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Lets now compare your new sequence back against the reference to see how you have
done.

1. Use nucmer to compare the reference sequence and your new path_sequence

# Compare your new sequence with the reference using nucmer
and show-coords

$ nucmer -maxmatch SM V7 chr4.fa path sequence.fasta
$ show-coords -1TH -L10000 out.delta > out.coords

# once completed, load Genome Ribbon (genomeribbon.com) in a
web browser.

2. Load your data into Genome Ribbon. Scroll down the page until you see the “Input
alignments” window, select the tab “coordinates”, and then click “Browse”

3. Afinder window will appear — select your “out.coords” file and click “Open”

Input file:
“out.coords”

Instructions: Start by galig tst /’ « | [®@manager Module_helminth_denovo_assembly step_5
Places Name Size Modified
R [ © Recent [ MINIASM_SM_V7_chr4.contigs.fasta 47.7MB Yesterday at 15:13
alig S
& Home
[l Desktop | out.delta 5.4MB 09:42
D) Documents || path_sequence.fasta 3.7MB 09:34
5 b load |1 PB_SM_V7_chr4.contigs.fasta 48.3 MB Yesterdayat 15:13
, ardinates here: ¥ Downloads
Paste coordinates here v ) | 1SM_Vv7_chr4.fa 48.1 MB Yesterdayat 15:13
4 M_US'( |_1SM_V7_chr4.miniasm.gfa 49.0MB Yesterday at 14:08
@1 Pictures |_1SM_V7_chr4.spades.gfa 64.1 MB Yesterday at 14:34
H videos | ] SPADES_SM_V7_chr4.consensus_contigs.fasta 34.6 MB Yesterdayat 15:13
Devices
oruploadafile: [® computer AllFiles v
¥0 T “Browse"
Browse... Nofil®&electe Cancel Open

4. The comparison between your sequence and the reference should now appear.

| SMV74 : Reference
sequnece

Your sequence
path

Reference A representation of
SM_V7 .
where your sequence is

/l\\ found in the reference

The nucmer comparison —
this is like the ACT
comparison view

4
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Questions you should be asking:
- what are the main differences between the Pacbio and lllumina genome graphs?
- what is the length of your new sequence?

- how did your new sequence compare to the reference? Was it syntenic?

Summary

This module aimed to introduce you to some of the concepts involved in eukaryotic genome
assembly, from the QC of your raw data, through to assembly, validation and improvement.
In reality, eukaryotic genomic assembly is a challenging task, often requiring multiple
datasets and tools, each with their own strengths and weaknesses. It is important to
understand or at least be aware of these differences to maximise the completeness of the
assembly. Hopefully it is clear from the examples that long read technologies such as Pachio
significantly improve the contiguity of assemblies over Illumina-only assembilies.
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Module 7 — Genome Annotation and Differential Expression

Module 7

Genome Annotation and
Differential Expression

Introduction to Genome Annotation

One of the key goals of producing a draft genome is to define the genes encoded in it. This is
the first step in answering many important questions. How many genes does this organism
have? What metabolic pathways are present? Are there novel gene families encoded in the
genome? Subsequent uses of the genome, such as proteomics and transcriptomics experiments
rely on accurate gene models. We concentrate here on protein coding genes, however one would
also try to identify non-protein coding RNAs such as tRNAs, rRNAs, miRNAs, transposons etc.

Producing accurate gene models is just as hard as producing a good assembly. You have seen
that one way of producing a set of gene models is to transfer them from a closely related
organism. However, if there is not a closely related genome, or the most closely related genome
is not well annotated, this may not be an option. Furthermore, even if there is a closely related,
well annotated reference genome as in the case of the malaria parasite - Plasmodium falciparum
strain 3D7 and P. falciparum strain IT, there may be regions of your genome of interest which
are not syntenic to the reference. Indeed, this is the case here, as the subtelomeric regions of
Plasmodium chromosomes are highly variable and cannot be used to transfer gene models, even
between strains of the same species.

When there is no reference genome, or for regions which are not syntenic to the reference, we
can use ab initio gene finding methods. These identify genes based on properties of the genome
sequence independent of whether they show homology to known genes. They can be trained
and it is common to identify the most well conserved genes by homology, then to train an ab
inito gene finding algorithm using these well conserved genes so that it can learn what a gene
looks like in the particular genome you are interested in. In this module we will use the program
Augustus to predict gene models ab initio.

Another approach to identifying gene models is to determine those regions of the genome which
are transcribed. Prior to the advent of second generation sequencing technologies Sanger
capillary sequencing was used to sequence mRNAs and generate Expressed Sequence Tags
(ESTs). These could be used to identify the most highly expressed genes and improve some
gene models. With second generation sequencing technologies we are able to sequence mRNA
transcripts from essentially all the genes which are expressed. This is known as RNA
sequencing or RNA-seq (Mortazavi et al., 2008; Wang et al, 2009) and the resulting data
provides incredible resolution of gene structure. This method is not biased by which genes are
present in previously sequenced genomes (as with RATT) or by how much their structure
reflects that of other genes in the genome (as with Augustus), but rather by how highly
expressed they are and how extensively we sequence the transcriptome.
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Module 7 — Genome Annotation and Differential Expression

In this module you will generate a set of gene models ab initio using the gene prediction
tool Augustus. It has been trained using the highly accurate, manually curated gene
models of P. falciparum 3D7. These gene models will be used to fill in those regions of
the P. falciparum IT assembly which could not be annotated using RATT because they
are not syntenic to P. falciparum 3D7. You will then map RNA-seq data to your
assembly and use this to improve the gene models. There will be inaccuracies from the
RATT transfer due to technical error and due to real differences in the gene structures.
There will be inaccuracies in the Augustus predictions due to gene models which do not
follow the expected pattern of a Plasmodium gene and due to inaccuracies in the
genome assembly. These can be addressed using the RNA-seq mapping.

Below is a model of the eukaryotic protein-coding gene highlighting features relevant to
their annotation. Note that compared to bacteria, eukaryotic genes frequently have
multiple exons, separated by un-translated introns and 5" and 3* Un-Translated Regions
(UTRs) which do not encode part of the protein sequence.

>

Direction of transcription

Start codon Splice donor Splice acceptor Stop codon

Figure showing the key features of a eukaryotic gene. The exact DNA
sequence of the splice sites may vary.

Module Summary

1. Generating an initial set of gene models (merging RATT and
Augustus)

Mapping RNA-seq data to a reference

Viewing RNA-seq mapping in Artemis

Correcting gene models by hand

Automatically generating gene models based on RNA-seq data

o g A 0D

Using RNA-Seq to improve annotation
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1. Generating an initial set of gene models

A. Generate gene models ab initio

The ab initio gene prediction algorithm Augustus has already been trained with
gene models from Plasmodium falciparum 3D7. You will now run it on your
Plasmodium falciparum 1T strain chromosome to predict a set of gene models.

~

)

Navigate to the module 7 data directory. On the command line, type:
augustus --species=pfalciparum IT.genome.fa > augustus.gtf
The file augustus.gtf now contains your predicted gene models

Next we are going to convert the Augustus GFF to EMBL format. On the command line,
type:

cat augustus.gtf | augustus2embl.pl > augustus.embl

you can also try loading the gff file into Artemis).

Although Artemis can display gff files, the visualization is better for embl files (if you want

-

It is typically much more challenging to train an ab initio gene finder than to run it.
Most ab initio gene finders require a set of very accurate models to train them,
which may be predicted from highly conserved genes, RNA-Seq and typically
manual curation of a few hundred gene models. The chosen training set can
influence which types of gene models get better or worse predictions, so should
be carefully chosen.

\_

~

)
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B. Examine gene model predictions

We will open some gene models which we transferred from P. falciparum 3D7
using the tool RATT. We can compare them to the gene models predicted de
novo by Augustus.

On the command line, type:

art Transfer.ordered Pf3D7 05.final.embl &
Load in Augustus models. In Artemis:

File -> Read An Entry and select the file augustus.embl.
Right click in genome window, select “One Line Per Entry”.

The transferred models have different colours and annotation, while the newly predicted
genes have the default colour (blue), and are named g1, g2, g3...

Check out different loci in this chromosome to appreciate the difference in the annotation
files

® 00 X\ Artemis Entry Edit: Transfer.ordered_Pf3D7_05.final.embl

File Entries Select View Goto Edit Create Run Graph Display

sntry: [v]Transfer.ordered_Pf3D7_05.final.embl [v]augustus.embl

Selected feature: bases 1332 amino acids 443 PF3D7 0502200 (/previous systematic id="PFE011Gw:exon:2;current=false"/previous systemat

I o1 b
PF3D7_0502200
P
q36
RMAZID: 3307 RMAZID: 3308
' [104000 |104800 |165600 [106400 |167200 |108000 [108800 |109600 [110400 [111200 [112
I
35 37
PF3D7 0502100 PF3D7 0502300
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Have a look at the gene PF3D7_0515600. Does Augustus perform better than
RATT? What has gone wrong with the prediction? Go to the gene by Goto ->
Navigator -> “Goto Feature With Gene Name”. Tip: you don’t have to type in the

complete gene name.

g | 1)1 —
PF3D7_0515600
[ 1 [ [ 0=
q171
|653500 |s54400 |655200 |s56000 |s56800 ls57600 |s58400 |659200 |s60000 |ss6800 |ss1600 66240
{ —
172
GAP40
]
— 1 — —1
1 L
3 655000 |s55100 |s58200 |s58300 |6s5400 |s58500 |ss8600 |ss8700 655800 |s58900
6 00 X/ Artemis Navigator |
ﬁ © Goto Base: —I—
659006 5 = 0515600
662238 ¢ term=annotati( @ Goto Feature With Gene Name: 40, putative;qualifier=added_gene
665278 665532 ¢ iprscan;PANTHI [
667002 667988 ¢ belongs to th{ O Goto Feature With This Qualifier Value:
670456 673828 This domain i [ uch as Plasmodium falciparum, wher
674507 681367 squery 2381-2{ , N S—
665045 657974 Signal peptid] - Goto Feature With This Key:
690235 691242 ¢ ;query 318-31f _
692482 694644  tmhmm;;query | ) Find Base Pattern:
695672 700492 ¢ Signal peptid %
703376 707652 iprscan;Intert (O Find &mino Acid String: Pfam:PFO0443; ; score=2, 4E-89; query
708988 716136 ¢ Contains 2 AP
721632 722622 ¢ Putative cyto: - o _ . ftween Plasmodium falciparum erythr
724627 725545 ¢ This modified| Start search at: (O beginning (or end) @ selection
727306 728736 ¢ gene model al!
729585 731522 ¢ 1prscan;Inter [] overlaps With Selection ry 135-607;description=WD40 repeat
733520 734580 ¢ Barrell, Febr
740221 743981 iprscan;Inter 7 7 B12;;score=9.6E-28;query 937-1078;
113 744174 744242 ¢ present in re -
744707 747220 ¢ gene model al;
748948 749826 ¢ ;query 268-26{ [ | Search Backward [v]Ignore Case [v]Allow Substring Matches
751917 754067 iprscan; Interd gion;Pfam:PFE8662; ;score=1.8E-11;¢
754537 755373 ¢ gene model al! |
756528 758412 ¢ 1prscan;Inter Sote AL ‘ ‘ ose B-333;description=Zinc finger, B-t
759384 761162 iprscan; InterPraw H 4 TEcore=8.9E-141; query 1-270;descripti
761999 766144 Sianal anchor

Look at the gene PF3D7_0504800. Perhaps due to the low GC content of this
region Augustus decided that it is intronic (Graph -> GC content (%) ). How could

you verify the prediction?

e AN N I —"
Vo thhi M_, Ty [B V i ki \.U_I U
9700 |199508 [199900 200000 |200100 |200200 |200300 |2¢
[
g6l
o
0
[191400 |193500 |195800 |198000 |ze0200 |202400 |204600 |zes500 |ze000:
la61 ]

{
{PE3D7 0504800
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C. Combine RATT and Augustus gene models

Ca

@to EMBL format.

ugustus is able to predict gene models in regions of the IT genome which have
no synteny with the 3D7 genome, principally the subtelomeres. However, on the
whole, the RAT T-transferred gene models ought to be more accurate because
the IT and 3D7 genome are otherwise very similar. Therefore it is perhaps most
useful to add in only those Augustus gene models which do not overlap RATT-
transferred models. To do this, the Augustus gene models must be converted

~

J

@@ Artemis Entry Edit: Transfer.ordered_Pf3D7_05.final.embl
File Entries Select View Goto Edit Create Run Graph Display

Entry: [v|Transfer.ordered_Pf3D7_05.final.embl [v]augygtus.embl [v]ambiguous bases
MNothing selected {

no
gG

T

9819

| I—

gll

wo BDp0obDOPPR DODD 3 1 Db
9ap 3p ga 9ap gap 3D gap gaf g gap Jap gap gap gap
|sS00 13000 l1o9500 |26800 |32500 |30000 las500 |52800

a aaaaaa

4 aMmam @ I
g1z g3 gla_gl' cgl7 gl8
-

<anmn
gl2 g3 g4 g5 97 gle

RIF F PF3D7 0500700 .

FIKKS

Unselect the
“augustus.embl” entry.

D [~
FF3D7_050160( F
> I

921 ¢

B P

/

Go to Select -> All CDS features

9ap  gap
[EEE] |ss000

20 q22

HSP4G

\

Re-select the
“augustus.embl” entry.

vtr intron  intr intron  stop_codon start_codon ron ror stop_codon
[1214400 l1215200 (1216000 [1216800 [1217600 |1218400 |1219200 1220000 1220800 *
transcript
E really delete 2311 features? VR —— GO tO SeleCt -> FeatureS
o e Overlapping Selection
[ir]

FKFYFFFFLFFFFFGRY#NNTIPSWEKTITILR

@ ® @ Artemis Entry Edit: Transfer.ordered_Pf3D7_05.final.embl
Goto Edit Create Run Graph Display

File Entries Select View
Entry: [v|Transfer.ordered_PfaD7_05.final.enbl [v]augustus.embl ] ambiguous bases

MNothing selected

nw
a6

o

E—
819 qll

17

gap
|32500

W ®peoeb2OPDR DODD g

93p 3p 93 93p Qap 3p gap gap g gap 3ap
lss500 13000 |1500

3

9ap
|z6000 |30000

na  amam a0l

gl 2 g3 g4 g5 97

Ao 10 12 13(]:] 14
) 9 9 ) @

RIF F PF3D7 0500700

9ap 9ap_ gap
|assee |52000 |ses00

I FSQKRVLY

v

n.b. deselect any augustus
(blue) gene models which you
have edited and want to keep

by shift-clicking that model.

y

D I-
PF3D7_050100(

The Augustus gene models which
overlap RATT models should now
be selected. Delete them! Edit ->
Selected Features -> Delete

B P

|s5000

FIKKS HSP4Q &=

If you want to keep any augustus gene model you have edited, then delete the
overlapping RATT model. How does the annotation look? How many extra gene
models do we have compared to using the RAT T-transferred ones alone? Use the
function View -> Overview to see some stats. In the next section we are going to
show how RNA-Seq data can be used to correct gene models.

~

)
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We need to save the merged annotation:
File -> Save An Entry As -> New File -> augustus.embl
Save to ... “augustus_keep.embl”

Now merge it into the original file:
File -> Read Entry Into -> Transfer... Transfer.ordered Pf3D7 05.final.embl
Select a file ... “augustus_keep.embl”

And now save the merged file:
File -> Save An Entry As -> New File -> Transfer.ordered Pf3D7 05.final.embl
Save to ... “Merged annotation.embl”

This file “Merged_annotation.embl” can now be used as a basis for further annotation.
Always remember to save your work!

e 00 X| Artemis Entry Edit: Transfer.ordered_Pf3D7_05.final.embl

iéffgq Entries Select View Goto Edit Create Run Graph Display

Show File Manager ... .embl [v]augustus_keep.embl

Read &n Entry ...

Read Entry Into >

Read BAM / VCF ...

Save Default Entry ctrl-s

Save An Entry »

Save &n Entry As » New File ¥ Transfer.ordered_Pf3D7_05.final.embl
Save All Entries EMBL Format »| augustus_keep.embl

Write »| GENBANK Format » HOO 655600 bSSSOO
pe Sequin Table Format »

Clone This Window

GFF Format »
EMBL Submission Formatb‘

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

Print...
Print Preview 7
[i]
Open in DNAPlotter
ErOrar s [ 78 | poocC/
ize D

Close
3200 (675400 [677600 [679800 |sa2000 |sa4200 |sa6400 |seE600 |soea00 |s93000 |

A

8 O 0O X/ Save to ...

Save In: ’ﬁ Module_7_Annotation2 ‘V‘ E"}j Tl ;o
(] backup

[ augustus. embl

[ augustus_keep.embl

[y 17.genome . fa

[y Transfer.ordered_Pf3D7_05.final.embl

File Mame: [Merged_annntatlon.embl |
Files of Type: lArtemis files \v‘

o ot |

Gene models can also be merged/overlapped/removed bioinformatically using
custom scripts or the free command-line software BEDtools
http://bedtools.readthedocs.org/en/latest/ . The most convenient formats for
manipulating annotation are GFF/GFF3/GTF and BED.
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D. Functional annotation

ﬁor those gene models transferred by RATT, you will have a range of functional\
information which will help you identify the types of genes present in your

genome. This functional information has been manually curated for P. falciparum
3D7 based on the literature. For those genes predicted de novo by Augustus
there is no such information. It is beyond the scope of this module to present a
solution for assigning functional annotation for all these extra genes, but you can
annotate a few of them yourself. Product calls for genes are usually defined by
looking for orthologues or best BLAST hits in other organisms for which a gene
has been annotated with a useful name. Many annotation databases exist for
different purposes; Pfam for functional domains pfam.sanger.ac.uk, Gene
Ontology for GO-terms http://www.geneontology.org/ and KAAS for enzymes

\www.genome.jp/tools/kaas/. There are often specialized databases for specific/
cl

asses of genes/organisms you might be particularly interested in.

For Plasmodium annotation, the best place to look is PlasmoDb, a large resource of
comparative genomics data for these species.

Right click on an augustus gene model (blue ones), View -> Amino Acids of Selection
as Fasta -> Ctrl-A -> Ctrl-C

In a web browser, navigate to http://plasmodb.org/

Under the Tools menu, select BLAST. In the web form, select “Proteins”, “blastp”,
select all Target Organisms, paste in your sequence (Ctrl-V) and “Get Answer”. It is
essential that your BLAST-search parameters match the search you are trying to do
(protein versus protein in this case).

If the top hit has a good E-value (e.g. less than 1e-20), select it and copy the description.
Then select the gene model, press “Ctrl+e”, and add a new line as below. In the
example below Augustus prediction g17 is a gene from the rifin (RIF) family.
/product=“rifin (RIF)"

Click OK to save the annotation.

|20400 |20700 |z0000 |30300 |z0600 |z0900 |31200 |3150
{ | |
gql7
___ 18006 x| Artemis Feature Edit: g17 |
| —
e Key: |CDS v Add Qualifier: ‘rmte V)*
D Location: |complement(join(29781..30641,30803. . 30856)) }
|| Complement | Grab Range | Remove Range | Goto Feature | Tidy | TAT | ObjectEdit | User Qualifiers|
[198a 400 ]
flocus_tag="gl7" = ‘

IO0 10 |/product=rifin (RIF} il

1 0K Cancel apply L

AR Taa o Rl i
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2. Mapping RNA-Seq data to a reference

We will use the program TopHat, part of the Tuxedo suite, to map RNA-Seq reads
to our references genome, chromosome 5 of P. falciparum IT. In this case we are
mapping single-end reads generated from RNA extracted during the blood stage of
malaria.

TopHat requires an index of the reference. Create the index:
bowtie2-build IT.genome.fa IT.genome
Now run TopHat (n.b. this may take several minutes depending on computer):

tophat -o 30h map -I 10000 IT.genome
blood stage 30h.fastqg.gz

To read the BAM file:

samtools view 30h map/accepted hits.bam | head

TopHat will generate several files in the new “30h_map” directory you have
specified. The most important is accepted_hits.bam. This contains the mapping.
Briefly read through the file if you like. For some reads, there are Ns in the Cigar
line (column 6, see below). What do these mean? N

/lustre/scratchl@8/parasites/mz3/Malawi2014/Module_7_Annotation2 >samtools vieM3Gh_map/accepted_hits.bam |

M | head

SOLEXAWS1:1:6:103:907:1848.F 0 Transfer.ordered_Pf3D7_05.final 47852 5@ 7M568N69M %
CTATCACATTATCTTTTCTTTCATTCTTATTATTTCTTTTTTTTACTCTTTTTTTAACTTTTTTTTTTACTTCTTT ABBCCARACCCAABCCB?BCBAACBA?C
A<A7@3@CCBC@;BB/+A<CCACBB7@7=@9@BC AS:i:-8 XN:i:@ XM:i:1 X0:i:0 XG:1:0 NM:i:1 MDNE:60C15 YT:2
SRIER)

SOLEXAWS1:1:6:110:10:502.F 0 Transfer.ordered_Pf3D7_05.final 47852
CTATCACATTATCTTTTCTTTCATTCTTATTATTTCTTTTTTTTACTCTTTTTTTAACTTTTTTTTTTACTTCTTC o<o
CCCACCCCBCCCBCB@CCCCBCCCCCB=CCAC@% AS:i:-11 XN:1:0 XM:i:2 X0:1:0 XG:1:@ NM:i:2 MD:Z:60C14TE
ST NH:i:1

SOLEXAWS1:1:6:113:1017:1915.F @ Transfer.ordered_Pf3D7_05.final 47852 50 7M568N69M &
CTATCACATTATCTTTTCTTTCATTCTTATTATTTCTTTTTTTTACTCTTTTTTTAACTTTTTTTTTTACTTCTTT 9CCccccecccecccecceee>cecccec
CCCCcceccececcccececcccccccceseAcc AS:i:-9 XN:i:@ XM:i:1 X0:i:@ XG:1:@ NM:i:1 MD:Z:60C15 YT:2
3l

SOLEXAWS1:1:6:114:1418:1525.F @ Transfer.ordered_Pf3D7_05.final 47852 50 7M568N69M -

CTATCACATTATCTTTTCTTTCATTCTTATTATTTCTTTTTTTTACTCTTTTTTTAACTTTTTTTTTTACTTCTTC BCCCBC@BCBCCBCACCCCCCCCCCCAC

el et e T T S Vol T T L Vol L L VY el VM.I.T VALELA VO LE LA MALT.OACTATA MMLELY vO LA

We have to index the bam using SAMtools, in order to view the data in Artemis.
samtools index 30h map/accepted hits.bam

The output index file is called 30h_map/accepted hits.bam.bai

The reads you just mapped do not cover the whole genome, so that the mapping would go
faster. We will instead view the much larger pre-computed file which does cover the whole
genome:

blood stage 30h.bam
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3. Viewing RNAseq mapping in Artemis

We will now examine the read mapping in Artemis using the BAM view feature.

If you have closed the Artemis window, then first type:

art Merged annotation.embl &

the RNAseq data:

Create -> Mark Ambiguities

Load the BAM file:

File -> Read BAM / VCF -> Select, “blood_stage 30h.bam”

> coverage.

In Artemis, highlight gaps in the assembly which might mislead you about the meaning of

This opens a new window at the top. Right click on the BAMview window, select Graph -

_> ‘6OK,’

@ ® @ Artemis Entry Edit: Merged_annotation.embl

View Goto Edit Create Run Graph

File Entries Select Display
v|Merged_annotation.embl [v|ambiguous bases

bases 540 amino acids 179 302 (/locus tag="g302")

Entry:
Selected feature:

S |,

-

9302

|1216800 1217100 [1217400 [1217700 [1218000 |1218300 [121860¢

d

4 »
Y KLTHMCTLFFFLFLEKLY#SRYNYSWEKS* s F T F {a

T N #F F I T ¥ R T FF F FF 4 1Ty H v T T T | G N N F | | F_F
v ¢ INPYVYVIFFSFFEVYLTITLGO OQLTFLTETIMSTFTYFF
TATAAATTAACCCATATGTGTACGTTATTTTTTTTTCTTTTTTTGAAGTATT AATCACGTTACAATT ATTCTTGGAAAT AATGAGCTTTTATTTTTT
217450 [1217500 [1217520 [1217540 1217560
ATATTTAATTGGGTATACACATGCAAT ARAAAAAAAGAAAAAAACTTCAT ARTTAGTGCARTGTTARTAAGAACCTTTATTACTCGAAAAT ARAAAA
Y LNV WTIHVYMNMNEKTEKEREKTEKTFY®#DRGELS#ET QFTYHA aEKTIEKE

I F# GMHTRGS#KEKEKEKEK GLTILH*TVYITIRPFLTSSEKHNEK

Y I L GYTYTIKEKETKEKSTHNTIVYMNCNHNEKSTITILEKS $KEKI >

4 »

—

© Coverage Options

l-, Zoom level before switching
= to coverage view (in bases): 26000
Window size:[l
[J Automatically set window size

BAM |

o] [cnent

/

/Right click on the coverage plot\
and select Options... Set the
window size to 1 to see the

exon boundaries (You have to

\_ disable “Automatically...”) .

view

(" Examine the exon boundaries )

of a couple of genes. How well
are splice sites identified by

kgene predictors vs. RNA-Seq?

J

What do the grey lines in the middle of some of the mapped reads mean? Right
click on one of these reads, select “Show details of” and examine the cigar string.

-10-
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4. Correcting gene models by hand

@roll along the chromosome and examine the read coverage. How well does it\
correlate with the gene models? Notice how different genes have different depths

of coverage. Why do some genes have little or no coverage? What does this

mean for annotation?

a good example.

Why do some reads map where there are no genes?

Scroll along the chromosome. Can you see any gene models which might be
incorrect based on the RNAseq data? Find one and correct it. PF3D7_0529900 is

wnus question: Can you figure out why RATT got this gene model so wrong! /

!
|

Can you see why this
model isn’ t correct?
The reads should map over
exons and not introns.

L P

gap
|1230400 |1231200

|1232000

4 Next, select the gene N
* model. Right-click on the
'} BAMview -> Analyse ->
Read count of selected
features. Write the value

u“““ K dOWﬂ /

|1232500

.
.
.

.
o
.
.

PF3D7 0529900

ﬂ\low correct the last exon. You can move gene-boundaries by left-clicking at the edge
of a gene-model and dragging it to the right position. If you are very zoomed out and
the model is hard to catch, try shift + left-click instead. You can add exons/introns to a
model by selecting the model and then clicking “e” to open the Feature editor. Left-click
and highlight the region on the genome where you want to add an exon. Then switch to
the Feature editor box again, and click the button “Grab range” or “Remove range”.
Click “Apply” and you can straight away see the gene-model change. Under Edit ->
Trim../Extend... there are some useful short-cuts for adjusting gene-boundaries.
Look again at read counts/RPKM values. Have they changed?
Q.b. Don’t forget to save any changes you make!

/

Optional: Is the start of the gene model correct? There seem to be spliced reads
confirming another exon.

-11-
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5. Automatically generating gene models based on
RNA-seq data

~
Cufflinks is another program in the Tuxedo suite. It can be used to generate gene
models based on the RNA-seq mapping. Rather than fix each gene model by
hand, we could replace them with RNA-seq based predictions if these are better.

/

Run Cufflinks:
cufflinks blood stage 30h.bam

The key results file from Cufflinks is transcripts.gtf. When the output file
transcripts.gtf hasbeen created, change the format to display better in Artemis:

Read this into Artemis and compare the results to the RNAseq coverage plots and to the

existing gene predictions. In Artemis,
File -> Read An Entry, select “Files of type: All files”, select “transcripts.gtf”

Look through the annotation. Does cufflinks confirm the Augustus predictions? What can
we say where a gene model has no coverage? How can we remedy this?

400 |383700 |354000 |384300 |354600 |354900 |385200 |
I | I [ [ I T [ ]
exon: CUFF, 158

transcript

— . /3 /=
T T

PF3D7 0509000

Why are the Cufflinks predictions often longer than the gene model predictions?
Remember we are examining a eukaryote. Why does this make it difficult to
incorporate these models directly into our gene set? Would this explain the spliced
reads of the gene PF3D7_0529900 on page 117

| 157100 l1157400 l1157700 |1158000 |1158300 l1158600 l1158900 |1159200 |1159500 l1159800

|1156800

] q
Transfer.ordered Pfam 05 final.CUFF.547.t1 05.final.CUFF.5d8.11
nsfer.ordered_Pf307_05. final.CUFF.548. 12

q ] [

O /. O | L nal . [F. 548 [kon: BD 5. final. c[Cb48. t1. Exonl
Transfer.ordef }5. finat [ hd 307 n. ld:l tl E

Transfer.ordered Pf3D7 05

Optional: Can cufflinks help us to find alternative splicing? Maybe check the gene
PF3D7 0527600 — Cufflinks has predicted two splice forms for this gene. Right-click in
the genome window and choose “Feature Stack View” to see both splice forms.

-12-
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6. Using RNA-seq to improve predictions

Perhaps the best option would be to use the RNA-seq to guide the ab initio )
predictions? Augustus allows you to to create hints-files from RNA-seq. You can

read more about how to create your own hints on augustus help pages:
augustus.gobics.de/binaries/readme.rnaseq.html )

On the command line, you first have to copy a suitable configuration-file from the augustus
folder:

cp
/usr/local/augustus.2.7/config/extrinsic/extrinsic.M.RM.E.W.cC
fg .

Make hints from the bam-file. On the command-line, type:
bam2augustusHints.pl blood stage 30h.bam > hints.introns.gff

Now predict new models using RNA-seq hints, you’ll notice it takes a bit longer than
running without hints, expect a few minutes. On the command-line, type (as one line).

augustus --species=pfalciparum
--extrinsicCfgFile=extrinsic.M.RM.E.W.cfg
—--hintsfile=hints.introns.gff IT.genome.fa >
augustus.hints.gtf

Convert the Augustus GFF to EMBL format, so you can look at it in Artemis. On the
command line, type:

cat augustus.hints.gtf | augustus2embl.pl >
augustus.hints.embl

Load the new predictions into Artemis like you did before, and compare this prediction to
your earlier prediction without hints, to see which one you think is better. Try for instance to
look at model PF3D7 0523600 and PF3D7 _0528500.

Tip: if you want to see the difference between the models more clearly, you can in Artemis
un-tick all files except for augustus.hints.embl at the bar at the top, choose Select -> “All
CDS features”. Click Edit -> “Qualifier of selected feature(s)” -> Change. In the drop-down
menu in the pop-up box choose “colour”, and then click “Insert qualifier:”. Change the text
in the box to /colour=3 and click “Add”. All your models predicted using hints are now
green.

-13-
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Optional 1: Learn more augustus; a) learn how to train augustus with your favorite species
from the online manual, b) check out the useful scripts that come with augustus;
/usr/local/augustus.2.7/scripts/ , ¢) What does the Augustus option --alternatives-from-
evidence do?

Optional 2: Try to look at all the differences between augustus predictions with and
without hints: 1. using programming, 2. in Artemis. How would you choose which
predictions are the best? If you had to write a script to automatically choose between the
models, what would that script contain?

-14-
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ﬁey aspects of genome annotation \

Quality

The better the genome prediction is, the better the gene-models will be. If the
genome is miss-assembled that can lead to partial or chimeric gene-models. The
gold standard for gene-models is manual gene-model curation, but for draft
genomes there often not resources available to do this. So for draft genomes you
may have to accept that you will not have a perfect set of genes. Ten years of
annotating the malaria genome by hand using all possible lines of evidence has not
resulted in a perfect annotation (although it is a very good one)! How do you think
the quality of the gene-models affect the analysis you can do, and the conclusions
you can draw?

Several lines of independent evidence are best

Predicting gene-models, you will find that one of the hardest things to do is to
choose which set of models are the best; all methods are good at some types of
genes and bad at others. Augustus has a built-in quality check, in which you can
compare your training models with your predicted models. Use a variety of
prediction approaches, as you have done here, to capture as many of the genes as
possible and to improve their accuracy. It is always a good idea to try different
programs for any particular problem in computational biology: if they all produce the
same answer you can be more certain it is correct. In the case of gene model
predictions they will frequently disagree. If several predictions are of similar high
quality, perhaps the best option is to combine different sets of gene using tools such
as Jigsaw (Allen & Salzberg, 2005) and EVM (Haas et al., 2008)?

Over-prediction

There is a balance to strike between having almost all the genes and lots of
erroneous ones as well, or to miss some genes but have relatively few incorrect
ones. It may be important to find as many of the real genes as possible. However
once you have published an erroneous model to the public sphere, for instance by
submitting it to GenBank, it can be very hard to retract it later, and it may cause
problems for other people using that gene for their analyses.

Bacteria are simpler

If you work on bacteria you will encounter fewer problems with accurately predicting
gene models as they almost always have single-exon genes. The program
Glimmer3 (Delcher et al., 1999) is an alternative to Augustus for ab initio gene
prediction in bacteria, but since version 2.7 Augustus has improved its prediction
methods for bacterial genomes. Another alternative for both gene prediction and
functional annotation for bacteria is Prokka
www.vicbioinformatics.com/software.prokka.shtml

Alternative splicing

Many genes in more complex organisms have several alternative splice-forms,
including/excluding different UTRs and exons. Predicting alternative splicing is much
harder than predicting a “canonical”; most complete, gene-model (like the ones you
have just predicted). It is currently only possible to predict alternative transcripts
reliably for model genomes which already are very well assembled and annotated,

\iw have a wealth of supporting evidence (like human and C. elegans). /

-15-
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ﬁey aspects of RNA-seq mapping \
Non-unique/repeat regions

A sequence read may map equally well to multiple locations in the reference
genome. Different mapping algorithms have different strategies for this problem, so
be sure to check the options in the mapper. Alow GC content, such as in
Plasmodium falciparum (81% AT) means that reads are more likely to map to
multiple locations in the genome by chance.

Insert size

When mapping paired reads, the mapper (e.g. TopHat) takes the expected insert
size into account. If the fragments are expected to on average be 200bp, and the
reads are 50bp, then the insert between the paired reads should be ~100bp. If the
paired reads are significantly further apart than expected, we can suspect that the
reads have not mapped properly and discard them. Removing poorly mapping
reads can produce a more reliable mapping.

Spliced mapping

Eukaryotic mRNAs are processed; after transcription introns are spliced out.
Therefore some reads (those crossing exon boundaries) should be split when
mapped to the reference genome sequence in which intron sequences are still
present. TopHat is one of few mappers which can split reads while mapping them,
making it very suitable for mapping RNA-seq. Beware that TopHat cannot recognize
donor and acceptor splice-sites so it will split reads only based on optimizing the
mapping, and you will occasionally see a couple of bases of the read having ended
up on the wrong side of the intron.

Alternative mappers

Alternative short read mappers which do not split reads include SOAP (Li et al.,
2008b), SSAHA (Ning et al., 2001), BWA (Li et al., 2009) and Bowtie2 (Langmead
B, Salzberg S. 2012), SMALT (Ponstingl, unpublished). All of these may be
appropriate for bacterial RNA-seq. Where introns are an issue RUM (Grant et al.,
2011) is one alternative to TopHat (Trapnell et al., 2009).

New tools for mapping sequence reads are continually being developed. This
reflects improvements in mapping technology, but it is also due to changes in the
sequence data to be mapped. The sequencing machines we are using now (e.g.
lllumina HiSeq, 454 GS FLX etc) will perhaps not be the ones we are using in a few
years time, and the data the new machines produce may not be best mapped with
current tools.

Beware of the genes!

In spite of our very best efforts, it is not always possible to predict genes accurately.
There are many phenomena which can throw both automatic and manual
predictions off track. For instance (but not limited to): seleno-proteins containing
“stop-codons” as part of the coding sequence, polycistronic genes, splice-leader
trans-splicing, long non-coding RNAs, repetitive genomic regions and
\pseudogenes. Before publishing, it is always a good idea to try to estimate how/

correct the models are, and doing some sanity-checking of the gene-models.
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Differential Expression

Introduction to Differential Expression analysis

Understanding the genome is not simply about understanding which genes are there.
Understanding when each gene is used helps us to find out how organisms develop and
which genes are used in response to particular external stimuli. The first layer in
understanding how the genome is used is the transcriptome. This is also the most
accessible because like the genome the transcriptome is made of nucleic acids and can
be sequenced using the same technology. Arguably the proteome is of greater relevance
to understanding cellular biology however it is chemically heterogeneous making it
much more difficult to assay.

Over the past decade or two microarray technology has been extensively applied to
addressing the question of which genes are expressed when. Despite its success this
technology is limited in that it requires prior knowledge of the gene sequences for an
organism and has a limited dynamic range in detecting the level of expression, e.g. how
many copies of a transcript are made. RNA sequencing technology, using for instance
[NIlumina HiSeq machines, can sequence essentially all the genes which are transcribed
and the results have a more linear relationship to the real number of transcripts generated
in the cell.

The aim of differential expression analysis is to determine which genes are more or less
expressed in different situations. We could ask, for instance, whether a bacterium uses its
genome differently when exposed to stress, such as excessive heat or a drug.
Alternatively we could ask what genes make human livers different from human
kidneys.

In this module we will address the effect of vector transmission on gene expression of
the malaria parasite. Is the transcriptome of a mosquito-transmitted parasite different
from one which has not passed through a mosquito? The key reason for asking this
question is that parasites which are transmitted by mosquito are less virulent than those
which are serially blood passaged in the laboratory. Figure 1A shows the malaria life
cycle, the blue part highlighting the mosquito stage. Figure 1B shows the difference in
virulence, measured by blood parasitemia, between mosquito-transmitted and serially
blood passaged parasites. The data in this exercise, as well as figures 1B and 1C are
taken from Spence et al. (2013).
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Figure 1. Serial blood passage increases virulence of malaria parasites. (A) The
lifecycle of plasmodium parasites involves mammalian and mosquito stages. Experiments
in the lab often exclude the mosquito stage (red) and instead remove parasites from the
blood of a mouse to infect another mouse (serial blood passage). (B) Serially blood
passaged parasites (red) are more virulent than mosquito-transmitted parasites (blue) as
shown by their higher parasitemia over the course of infection. (C) As mosquito transmitted

parasites are serially blood passaged an increasing number of times, they return to a higher
level of parasitemia.
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Figure 1C shows that increasing numbers of blood passage post mosquito transmission
results in increasing virulence, back to around 20% parasitemia. Subsequent mosquito

transmission of high virulence parasites renders them low virulence again. We hypothesise
that parasites which have been through the mosquito are somehow better able to control the

mosquito immune system than those which have not. This control of the immune system

would result in lower parasitemia because this is advantageous for the parasite. Too high a

parasitemia is bad for the mouse and therefore bad for the parasite. Are there any

differences between the transcriptomes of serially blood passaged parasites and mosquito-
transmitted parasites which might explain how they are able to do this?

2
3
4,
5

/ Module Summary

l.

Mapping RNA-seq reads to the genome using HISAT2

Using Artemis to visualise transcription

Using Kallisto and Sleuth to identify differentially expressed genes
Using Sleuth to quality check the data

Interpreting the results

~
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1. Mapping RNA-seq reads to the genome using
HISAT2

Cw

e have two conditions: serially blood-passaged parasites (SBP) and mosquito
transmitted parasites (MT). One with three biological replicates (SBP), one with two
(MT). Therefore we have five RNA samples, each which has been sequenced on an
[Mlumina HiSeq sequencing machine. For this exercise we have reduced the number of
reads in each sample to around 2.5m to reduce the mapping time. However this will be
sufficient to detect most differentially expressed genes.

o j

Firstly, make a HISATZ2 index for the P. chabaudi genome reference sequence.
hisat2-build PccAS v3 genome.fa PccAS v3 hisat2idx

Map the reads for the MT1 sample using HISAT2. Each of the following steps will
take a couple of minutes.

hisat2 --max-intronlen 10000 -x PccAS v3 hisat2idx -1
MT1 1l.fastqg -2 MT1_2.fastqg -S MTl.sam

Convert the SAM file to a BAM.

samtools view -b -o MTl.bam MTl.sam

Sort the BAM file (otherwise the indexing won’t work)
samtools sort -o MT1l sorted.bam MT1.bam

Index the BAM file so that it can be read efficiently by Artemis
samtools index MT1 sorted.bam

Now map, convert SAM to BAM, sort and index with the reads from the MT2
sample.

Note the BAM files and .bai index files provided for the SBP samples:

ls *bam*
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2. Using Artemis to visualise transcription

Index the fasta file so Artemis can view each chromosome separately
samtools faidx PccAS v3 genome.fa

Load chromosome 14 into Artemis from the command line, displaying the mapped reads
from each sample:

art -
Dbam="MT1 sorted.bam,MT2 sorted.bam,SBP1 sorted.bam,SBP2 sorted.
bam, SBP3_sorted.bam" PccAS v3 genome.fa +PccAS v3.gff.gz &

Select "Use index” so Artemis will show individual chromosomes.
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(,Drop-down menus \

2. Entry (top line): shows which entries are currently loaded with the default entry
highlighted in yellow You can select different chromosomes to view here.

3. BAM view: Displays reads mapped to the genome sequence. Each little horizontal line

represents a sequencing read. Some reads are blue indicating that they are unique
reads. Green reads represent multiple reads mapped to exactly the same position on
the reference sequence. Grey lines in the middle of reads mean that the read has been
split and this usually means it maps over an intron. If you click a read its mate pair
will also be selected. If you want to know more about a read right-click and select
‘Show details of: READ NAME’.

4. Sequence view panel. The central two grey lines represent the forward (top) and
reverse (bottom) DNA strands. Above and below these are the three forward and three
reverse reading frames (theoretical translations of the genome). Stop codons are
marked as black vertical bars. Genes and other annotated features are displayed as
coloured boxes. We often refer to predicted genes as coding sequences or CDSs.

5. This panel has a similar layout to the main panel but is zoomed in to show nucleotides

and amino acids.

6. Sliders for zooming view panels.
&Sliders for scrolling along the DNA. /
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Right click on the BAM view, select Graph, then Coverage.

Right click on the BAM window showing the reads and hover over BAM files.
This will show you which colours in the coverage plot relate to which samples.
Scroll through the chromosome and see if you can identify genes which might
be differentially expressed between SBP and MT parasites. Is looking at the
coverage plots alone a reliable way to assess differential expression? Hint: what
is the difference between read count and RPKM? Are the libraries all the same

size?
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Select chromosome PccAS_14_v3 from the drop down box on the Entry line.

Press Ctrl-g and use “Goto Feature With Gene Name” to navigate to the gene
PCHAS_1402500.
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Investigate the coverage for this gene. Does the RNA-seq mapping agree with the

gene model in blue?

You can determine read counts and RPKMs for individual genes within Artemis.

Click on the blue gene model, right click on the BAMview window, select Analyse,

then RPKM value of selected features.

Artemis asks whether you want to include introns in the calculations. We are only
interested in reads mapping to the spliced transcript, so you should exclude these.
Select Use reads mapped to all reference sequences. Is this important?

After the analysis is done a window will appear behind Artemis.

Artemis Entry Edit: chab14.embl

t View Goto Edit Create Run Graph Display

3 selected bases on reverse strand: 2415593..2415595 = complement (99239..99241)
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This gene looks to be up-regulated in serially blood passaged parasites; SBP samples
have RPKMs several times greater than the MT samples. Is it statistically significant?
In the next section we will find out.

24-



Module 7 — Genome Annotation and Differential Expression

3. Using Kalliso and Sleuth to identify differentially
expressed genes

-

Kallisto 1s a read mapper, but instead of mapping against the genome it is designed to
map against the transcriptome, i.e. the spliced gene sequences inferred from the genome
annotation. Rather than tell you where the reads map it’s aim is in quantifying the
expression level of each transcript. It is very fast because it uses pseudoalignment rather
than true read alignment.

\_

~

)

Kallisto needs an index of the transcript sequences.
kallisto index -i PccAS v3_kallisto PccAS_v3_ transcripts.fa
Quantify the expression levels of your transcripts for the MT1 sample.

kallisto quant -i PccAS v3 kallisto -o MT1 -b 100
MT1 1.fastqg MT1 2.fastg

The results are contained in the file MT1/abundance.tsv

Use the kallisto quant command four more times, for the MT2 sample and the
three SBP samples.

Sleuth uses the output from Kallisto to determine differentially expressed genes. It is
written in the R statistical programming language, as is almost all RNA-seq analysis
software. Helpfully however it produces a web page that allows interactive graphical
analysis of the data. However, I would recommend learning R for anyone doing a
significant amount of RNA-seq analysis. It is nowhere near as hard to get started with
Cs full-blown programming languages such as Perl or Python!

)

We have provided a series of R commands which will get Sleuth running. These
are in the file sleuth.R. Open the file and have a look. It is not as hard as it seems,
| copied most of this from the manual! To run this R script, you will have to open R:

R

And then copy and paste commands from the file sleuth.R

5.
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4. Using Sleuth to quality check the data

-
Sleuth provides several tabs which we can use to determine whether the data is of good
quality and whether we should trust the results we get.
o
In the web page which has been launched click on Summaries->processed data.
Even though we have used the same number of reads for each sample, there are
large differences in the number of reads mapping for each one. Why might this be?
Is it a problem?
Welcome to Shiny Server! x NG B +
| welcome toshinyserver! x JEINEY ~ 127001 PPN =
127.0.0.1 *Ea ¢ A9 = == =
PCA projections of sample abundances onto any pair of components.
SloUle ey i - x-axis PC: y-axis PC: color by: size: units:
LLAL 1 e 2 h condition v 3 = est_counfs
processed data
::Irlni:‘soa:::::):n:j:: of mapped reads, number of boostraps performed by kallisto, and sample to covariate mappings. @ filter @ text labels

Show| 25 ~|entries Search

sample reads_mapped reads_proc frac_mapped bootstraps
MT1 67266 500000 0.1345 100 MT
MT2 136556 500000 02731 100 MT

SBP1 407544 500000 0.8151 100 SBP

PC2

SBP2 381387 500000 0.7628 100 SBP

SBP3 386637 500000 0.7733 100 SBP

Showing 110 5 of 5 entries Previo: Nex

& Download Plot

Click on map->PCA.

The Principal Components Analysis plot shows the relationship between the
samples in two dimensions (PC1 and PC2). In this case almost all the variation
between the samples is captured by just Principal Component 1. The MT samples
are well separated from the SBP samples, meaning that the replicates are more

similar to each other than they are to samples from the different condition. This is
good.

In some cases we identify outliers, e.g. samples which do not agree with other
replicates and these can be excluded. If we don’t have many replicates, it is hard to
detect outliers and our power to detect differentially expressed genes is reduced.
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5. Interpreting the results

In the R script we printed out a file of results describing the differentially expressed \
genes in our dataset. This is called “kallisto.results”.

The file contains several columns, of which the most important are:

Column 1: target _id (gene id)

Column 2: pval (p value)

Column 3: qval (p value corrected for multiple hypothesis testing)

Column 4: b (fold change)

Qlumn 12: description (some more useful descriptionof the gene than its id) /

With a little Linux magic we can get the list of differentially expressed genes with
only the columns of interest as above. The following command will get those
genes which have an adjusted p value less than 0,01 and a positive fold change.
These genes are more highly expressed in SBP samples.

cut -f1,3,4,12 kallisto.results | awk ‘$2 < 0.01 && $3 > 0’
These genes are more highly expressed in MT samples:

cut -f1,3,4,12 kallisto.results | awk ‘$2 < 0.01 && $3 < 0’

How many genes are more highly expressed in each condition?

Do you notice any particular genes that come up in the analysis?

The most highly up-regulated genes in MT samples are from the cir family. This is a
large, malaria-specific gene family which had previously been proposed to be involved in
immune evasion (Lawton et al., 2012). Here however we see many of these genes up-
regulated in a form of the parasite which seems to cause the immune system to better
control the parasite. This suggests that these genes interact with the immune system in a
more subtle way, preventing the immune system from damaging the host.

\_ /
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Remember PCHAS 14025007 Of course you do. It was the gene we looked at in
Artemis that seemed absolutely definitely differentially expressed.

What does Sleuth think about it?

grep PCHAS 1402500 kallisto.results | cut —f1,3,4,12

Ghough this gene looked like it was differentially expressed from the plots in Artemh
our test did not show it to be so. This might be because some samples tended to have

more reads, so based on raw read counts, genes generally look up-regulated in the SBP
samples. Alternatively the reliability of only two biological replicates and the strength of
the difference between the conditions was not sufficient to be statistically convincing. In
the second case increasing the number of biological replicates would give us more
confidence about whether there really was a difference.

In this case, the lower number of reads mapping to MT samples mislead us in the Artemis
view. Luckily careful normalisation and appropriate use of statistics saved the day!

If you want to read more about the work related to this data it is published: Spence et al.
&013 (PMID: 23719378). /
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4 N

Key aspects of differential expression analysis

Replicates and power

In order to accurately ascertain which genes are differentially expressed and by how
much it is necessary to use replicated data. As with all biological experiments doing
it once is simply not enough. There is no simple way to decide how many replicates
to do, it is usually a compromise of statistical power and cost. By determining how
much variability there is in the sample preparation and sequencing reactions we can
better assess how highly genes are really expressed and more accurately determine
any differences. The key to this is performing biological rather than technical
replicates. This means, for instance, growing up three batches of parasites, treating
them all identically, extracting RNA from each and sequencing the three samples
separately. Technical replicates, whereby the same sample is sequenced three times
do not account for the variability that really exists in biological systems or the
experimental error between batches of parasites and RNA extractions.

n.b. more replicates will help improve power for genes that are already detected at
high levels, while deeper sequencing will improve power to detect differential
expression for genes which are expressed at low levels.

P-values vs. g-values

When asking whether a gene is differentially expressed we use statistical tests to
assign a p-value. If a gene has a p-value of 0.05 we say that there is only a 5%
chance that it is not really differentially expressed. However, if we are asking this
question for every gene in the genome (~5500 genes for Plasmodium), then we
would expect to see p-values less than 0.05 for many genes even though they are
not really differentially expressed. Due to this statistical problem we must correct
the p-values so that we are not tricked into accepting a large number of erroneous
results. Q-values are p-values which have been corrected for what is known as
multiple hypothesis testing. Therefore it is a g-value of less than 0.05 that we
should be looking for when asking whether a gene is differentially expressed.

" /
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/ Alternative software \

If you have a good quality genome and genome annotation such as for model
organisms e.g. human, mouse, Plasmodium, 1 would recommend mapping to the
transcriptome for determining transcript abundance. This is even more relevant if
you have variant transcripts per gene as you need a tool which will do its best to
determine which transcript is really expressed. As well as Kallisto (Bray et al. 2016;
PMID: 27043002), there is eXpress (Roberts & Pachter, 2012; PMID: 23160280)
which will do this.

Alternatively you can map to the genome and then call abundance of genes,
essentially ignoring variant transcripts. This is more appropriate where you are less
confident about the genome annotation and/or you don’t have variant transcripts
because your organism rarely makes them or they are simply not annotated.
Tophat2 (Kim et al., 2013; PMID: 23618408), HISAT2 (Pertea et al. 2016; PMID:
27560171), STAR (Dobin et al., 2013; PMID: 23104886) and GSNAP (Wu & Nacu,
2010; PMID: 20147302) are all splice-aware RNA-seq read mappers appropriate
for this task. You then need to use a tool which counts the reads overlapping each
gene model. HTSeq (Anders et al., 2015; PMID: 25260700) is a popular tool for
this purpose. Cuftlinks (Trapnell et al. 2012; PMID: 22383036) will count reads and
determine differentially expressed genes.

There are a variety of programs for detecting differentially expressed genes from
tables of RNA-seq read counts. DESeq2 (Love et al., 2014; PMID: 25516281),
EdgeR (Robinson et al., 2010; PMID: 19910308) and BaySeq (Hardcastle & Kelly,
2010; PMID: 20698981) are good examples.

What do | do with a gene list?

Diftferential expression analysis results is a list of genes which show differences
between two conditions. It can be daunting trying to determine what the results
mean. On one hand you may find that that there are no real differences in your
experiment. Is this due to biological reality or noisy data? On the other hand you
may find several thousands of genes are differentially expressed. What can you say
about that?

Other than looking for genes you expect to be different or unchanged, one of the
first things to do is look at Gene Ontology (GO) term enrichment. There are many
different algorithms for this, but you could annotate your genes with functional
terms from GO using for instance Blast2GO (Conesa et al., 2005; PMID:
16081474) and then use TopGO (Alexa et al., 2005; PMID: 16606683) to determine

whether any particular sorts of genes occur more than expected in your

\differentially expressed genes. /
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Task 1
Sexual Development

Introduction

Plasmodium berghei is used as a rodent model of malaria. It is known that in the lab it
can evolve to stop producing sexual stages (Figure 1). We want to try and use this
observation to our advantage. If we can understand how the parasite switches to the
sexual, transmissible stage, then we might better understand how to prevent this from
happening and prevent the spread of malaria.

Several cultures of a transmissible strain were grown continuously in the lab for
several months (Figure 2). These all became gametocyte non-producers (GNPs).
The genomes of these strains were then sequenced, the data mapped and the
variants called. Your first job is to identify the mutations in these strains, which
contribute to the GNP phenotype. Our hypothesis is that while each GNP strain will
have many mutations compared to the parental strain, only one gene will have
unique mutations in every strain and this gene will be a key regulator of
gametocytogenesis. Luckily there is evidence from earlier work that the gene is
located on chromosome 14, so we need only consider that one!

The variant call files for each mutant are available in the data directory. A full
explanation is found in a README file in the directory.

Once you have found the gene you can explore its role in gametocytogenesis. We
have RNA-seq data from a strain where the gene has been knocked out allowing us
to examine how the gene affects the transcriptional landscape of the parasite. Which
transcripts are affected by the knockout of this gene? What does this tell us about
the importance of the gene in the switch to sexual development? What could this
gene list be useful for in future?

Sequencing reads as well as the reference sequence are available in the data
directory (please use this rather than download one). There are also files of genome
annotation, product descriptions, GO terms and an R script for performing GO term
enrichment. A full explanation is found in a README file in the directory.
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Figure 1. Malaria life cycle. The parasites must produce sexual
forms called gametocytes in order to be transmitted from the
intermediate mammalian host to the definitive mosquito host.
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Figure 2. Parasites were passaged continuously in mice
until they lost the ability to produce gametocytes. The bold
lines show smoothed versions of the real data to even out
fluctuations in gametocytemia. GNPm7-9 are different lines
of parasites from the same parent which have independently
lost the ability to produce gametocytes (transmissible sexual
stages).
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/Summary \

To achieve this goal you should:

* View the variant calls in Artemis

+ ldentify the gene responsible for gametocyte development
* Map the RNA-seq data to the reference

« Confirm the knockout in the mutant samples

« Call differentially expressed genes

» Perform a Gene Ontology enrichment analysis (we have

\\ provided an R script to help with this) /
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Task 2
Georeferencing genomic data

Introduction

Phylogenetic trees based on whole genome data tell us the about the relationships of bacterial
isolates to each other on a very fine scale. When we combine that high resolution information
about the evolutionary relationships of isolates with geographical data it can inform our
understanding of the current distribution of the pathogen and allow us to infer the
epidemiological processes that have acted on the pathogen over time. The simplest example
of this would be if a phylogeny showed that a pathogen was geographically constrained (e.g.
isolates from the same region always cluster together). This might indicate that the pathogen is
not highly mobile, whereas a pathogen with a phylogeny that shows isolates from distant
regions are equally likely to be related to each other as isolates from nearby is likely to be
highly mobile across regional borders. Geographical referencing of genomic data can also be
combined with temporal information to study the movement of pathogens in space and time
in real time for use in outbreak detection and monitoring.

For this task, you will be split into teams. Using the skills you learned in the structured
modules, your team will use the all the mapped sequences (.fa) produced in Module 7 and to
identify single nucleotide polymorphism (SNP) sites based on the reference sequence strain
SL.1344 and subsequently construct a phylogenetic tree. You will use the software FigTree to
view and interpret your phylogeny and geo-reference your data using Microreact to develop
your own hypotheses about the pathogen distribution. In addition, you will use the software
ARIBA (Antibiotic Resistance Identification By Assembly) to investigate resistance genes in
these strains and a free visualisation tool, Phandango to compare with the pathogen
distribution observed in your tree.

é )

The aims of this exercise are:

1) Introduce the biology & workflow

2) Gain experience in building and interpreting phylogenetic trees

3) Introduce concepts and tools for geo-referencing metadata

4) Show how Next Generation Sequencing data can be used to describe the evolution and
distribution of a pathogen across a geographical area

5) Combine phylogenetic analysis and comparative genomic techniques

6) Demonstrate the value of shared data resources

7) Gain experience in presenting the results of Next Generation Sequencing Data analysis

N J
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ﬁ}ackground \

Biology

To learn about phylogenetic reconstruction and geo-referencing for epidemiological
inference, we will work with some software that has already been introduced as well as some
new software introduced in this module. We will work with real data from Salmonella
enetrica serovar Typhimurium sampled from regional labs in England and Wales, United
Kingdom in 2015.

Salmonella enetrica serovar Typhimurium

Salmonella enterica is a diverse bacterial species that can cause disease in both human and
animals. Human infections caused by Salmonella can be divided into two, typhoidal
Salmonella or non-typhoidal Salmonella (NTS). The former include Typhi and Paratyphi
serovars that cause typhoid. NTS comprises of multiple servoars that cause self-limiting
gastroenteritis in humans and is normally associated with zoonotic Salmonella reservoirs,
typically domesticated animals, with little or no sustained human-to-human transmission.

Salmonella enterica serovar Typhimurium (S. Typhimurium), unlike the classical views of
NTS, can cause an invasive form of NTS (iNTS), with distinct clinical representations to
typhoid and gastroenteritis and normally characterized by a nonspecific fever that can be
indistinguishable from malaria and in rare cases is accompanied by diarrhoea (Okoro et al.
Nature Genetics, 2012).

Whole genome sequence analysis of this organism of provides some insight into the short-
term microevolution of S. Typhimurium. Understanding the level of diversity in this time-
eriod is crucial in attempting to identify if this is an outbreak or sporadic infection.

a )

Your task

The Global Health Authority (GHA) has asked you to provide an overview of Salmonella
enterica serovar Typhimuriumin England and Wales, using retrospective samples. In teams
you will develop a whole-genome sequencing based tree from all 24 sequences and correlate
this to the geography of the city. You will also look into the distribution of antimicrobial
resistance and investigate the genetic basis for the resistance phenotype you identified in the
laboratory. At the end of the task each group will present their findings.

The five teams are the will have been assigned in the previous day.
The following division of responsibilities in your teams is recommended. If there are extra
people, then they should help with the tree builder and both should work on the georefencing

task once you have a tree.

e Tree Builder — SNP-calling and phylogenetic inference
* Antimicrobial Resistance Investigator — ARIBA and Phandango

\ * Geo-referencer and Reporter — geo-referencing with Microreact /
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GENERAL INFORMATION

Data provided

As a team you will create a phylogenetic tree of the S. Typhimurium isolates from
England and Wales. You will geo-reference this information, as well as antimicrobial
resistance data, against the address of the isolates to form ideas about the distribution
and epidemiology of the pathogen. Additionally, the genetic basis for the antimicrobial
resistance will be explored.

To achieve this, each team is provided with the following files in the Task folder:
e A metadata table (metadata.xls) which contains information on the isolates
including the date and address of collection.

* Your sequence data folder in each of your groups folders, which contain symlinked
or symbolic linked sequenced data, fastq.gz (unix command: In —s). These act like
‘hyperlink’ data. Symlinked data is often used to save space when you do not want
to copy large files.

* An ariba_reports folder that contains a summary the resistance reports from
ARIBA to save time. You are encouraged to run the ARIBA analysis on the samples

allocated to your group.

e §. Typhimurium fasta and embl files, which you will use as a reverence.

* A pseudogenomes folder that contains an .fa file

And a PDF of the literature reference cited on page 2.

M ® @ wt@Pathogens: ~/Group_task_Georeferencing

wt@Pathogens:~/Group_task_Georeferencing$ 1ls

ariba_reports group_7

group_1 group_8

group_10 group_9

group_2 metadata.xls

group_3 Okoro_2012.pdf

group_4 pseudogenomes

group_5 Salmonella_enterica_serovar_Typhimurium_SL1344_2.5MB.embl
group_6 Salmonella_enterica_serovar Typhimurium_SL1344_2.5MB.fasta
wt@Pathogens:~/Group_task_Georeferencing$

assigned group sample  MLST year  month Address longitude _ latitude
Stm_1 13 2015 May Bénh vién quan 8, 82 Cao L8, phudng 4, Quén 8
1 stm_2 15 2015 May Hanh Phuc International Hospital, 97, Nguyen Thi Minh Khai Street, Ben Nghe Ward, Quan 1
stm_3 19 2015 April Bénh vién Nhan dan 115, 527 St Van Hanh, 12th Ward, Quan 10, Ho Chi Minh City
stm_4 15 2015 March Bénh vién Nhan dan 115, 527 Su Van Hanh, 12th Ward, Quan 10, Ho Chi Minh City
2 stm_S 15 2015 June B8énh vién quan 8, 82 Cao L8, phudng 4, Quén 8
stm_6 15 2015 March Hanh Phuc International Hospital, 97, Nguyen Thi Minh Knai Street, Ben Nghe Ward, Quan 1

stm_7 15 2015 June Bénh vién quan 8, 82 Cao L8, phudg 4, Quén 8
3 stm_8 19 2015  September BEnhvién Bénh Nhiét At 764 V3 Van Kiét, phuding 1,Quan 5
stm_9 19 2015 July An Binh Hospital, 146 An Binh, 7th Ward, Quan 5
stm_10 19 2015 October  BEnhvién Bénh Nhiét A0, 764 V3 Van Kiét, phudng 1,Quén 5
a stm_11 15 2015 July B&nh vién Bénh Nhiét 6, 764 VG Van Kiét, phurdng 1,Quan 5
stm_12 15 2015 July Bénh vién Bénh Nhiét 6, 764 VG Van Kiét, phurtng 1,Quan 5
5 stm_13 19 2015 May Hanh Phuc International Hospital, 97, Nguyen Thi Minh Knai Street, Ben Nghe Ward, Quan 1
stm_14 19 2015  April Bénh vién Nhan dan 115, 527 St Van Hanh, 12th Ward, Quan 10, Ho Chi Minh City
s Stm_15 15 2015 March Bénh vién quan 8, 82 Cao L8, phudng 4, Quén 8
stm_16 15 2015 April B8énh vién Nhan dan 115, 527 St Van Hanh, 12th Ward, Quén 10, Ho Chi Minh City
> stm_17 19 2015 January  Bénhvién Nhan din 115, 527 St Van Hanh, 12th Ward, Quén 10, Ho Chi Minh City
stm_18 19 2015 July Bén h Nhigt 61, 764 VG Van Kiét, phrtng 1,Quan 5
s stm_19 19 2015 July AnBi ital, 146 An Binh, 7th Ward, Quan 5
stm_20 15 2015 July B8én h Nhit d6r, 764 VG Van Kiét, phurdng 1,Quan 5
5 stm_21 19 2015 July B&nh vién Bénh Nhiét 6, 764 V5 Van Kiét, phurtng 1,Quan 5
stm_22 15 2015 June An Binh Hospital, 146 An Binh, 7th Ward, Quén 5
10 stm_23 15 2015 June An Binh Hospital, 146 An Binh, 7th Ward, Quan 5
stm_24 15 2015 An Binh Hospital, 146 An Binh, 7th Ward, Quan 5
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~

The isolate names you can see in the subfolders of your group folder. There are two files
for every isolate _1.fastqg.gz and 2.fastqg.gz. These represent the forward
and reverse reads of paired end sequencing for that isolate.

Your isolate names

When you work with your own sequencing data after the course, other naming
conventions will be used. As in the example above, it is likely this formats will include
helpful pieces of information, so find out what your own sequencing data names mean

\When the time comes! /

-

How to use this module

As in some previous modules, you will be provided with many of the commands
you will need to perform the analysis. As you will be distributing the tasks between
people in your group, each role has their own set of guiding pages and focuses on
different skills. You will learn about the other roles while integrating the results of
your individual analyses and have the opportunity to work through the other
sections in your own time.




Task 2: Georeferencing genomic data

GENERAL INFORMATION

Team Presentation \
At the end of the task compile your findings and interpretations into a 5 minute presentation.
All team members should contribute to making the presentation. Examples of some of the
exciting key images you might produce are below, but don’t be limited by these ideas -
please be as creative as you like!

\_ )

ANTIMICROBIAL RESISTANCE INVESTIGATORS

About (wik) Gittub

Presentation -

TREE BUILDERS

R
@f ot .
GEOREFERENCERS
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TREE BUILDERS

General Information

In this role you are responsible for the construction of a tree from whole genome
sequencing data for your country. During this section you and your fellow tree maker
will map the sequence data of your country isolates to the Salmonella enterica
Typhimurium reference genome SL1344. To save on time, you will only be mapping
the fastq files to 2.5 million base pairs of the genome. Although this will take a long
time, keep in mind that this step would ordinarily take many more hours of
computation time. If there is more than one of you working on the mapping portion,
you can work on half the samples in step 1. When you get to Step 2, combine your
data and work on one computer together.

Bioinformatic processing of data into biologically-meaningful outputs involves the
conversion of data into many different forms. Just like working in the laboratory,
it’s useful to to break this process down into individual steps and have a plan.

A rough guide of the steps for this task is below and in the following schematic.
Check that you understand the principles of each one and then get started:

Step 1. Map and call SNPs for each isolate using commands introduced earlier in the
course
Step 2. Create a whole genome sequence alignment

Step 3. Build a phylogenetic tree from the SNP data in your alignment

Step 4. Interpret your phylogeny and report the lineages to the geo-referencer

ﬁtep 1: Map and call SNPs for each isolate \

Your reference sequence for this is Salmonella enterica serovar Typhimurium strain
SL1344, called Salmonella_enterica_serovar_Typhimurium_S1.1344_2.5MB fasta
in the task folder. You may want to create a local copy in your working directory by
using the cp command.

Map the sequencing data for each isolate to the reference genome and obtain a
pseudogenome (incorporating the isolate SNPs into the reference sequence). The
required commands were covered in the mapping and phylogeny modules. If you
struggle with the commands, ask the instructors for a command cheat sheet.

NOTE: Before you continue onto the next step, you must do some housekeeping.
\Refer to the mapping and phylogeny module, for which files you should remove./

6
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Schematic of task workflow

Paired-end
sequence reads

in FASTQ file * —

Map against reference *

Call SNPS and create

Create alignment "
pseudogenomes

< T 1 1 LI I
Construct and interpret
phylogeny
—
Extract variable sites e
and convert format
—_—>

I

*do for each isolate
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/ Step 2: Create a whole genome sequence alignment for your data

Now you have created pseudogenomes (.fasta NOT .fastq) for each of your samples,
you can use this data to create a sequence alignment to build a phylogenetic tree.
Using this mapping based approach we are able to avoid the computational power
required to align millions of base pairs of DNA that would be needed with e.g.
CLUSTAL or MUSCLE. Here, because all of the isolates were mapped to the same
reference genome, they are already the same length, so they can just be pasted
together to form an alignment. Then, you can combine them with information from

\global reference isolates that were created for you in the same way.

~

/

-~

-

Due to time constrains we have mapped all the samples to the same reference. The
file can be found in the pseudogenome folder. The pseudogenomes of all 24 strains
were combined together using the cat command as below.

cat *_pseudogenome.fasta > All pseudogenomes.fa

This produces a mutlifasta file ‘A1l _pseudogenomes. fa’ that contains all 24
sequences. You can check all 24 sequences are present by opening it in seaview.

~

/

Here, the * acts as a wildcard symbol and a single file containing all of the pseudogenome
sequences pasted one after the other is created. Both .fa and .fasta files are sequence files, but
the extension is useful for distinguishing files with single (.fasta) and multiple (.fa) sequences

-

You should now have a file containing 24 taxa each 2.5MB long. Most of the sites in
this alignment will be conserved and not provide useful information for phylogenetic
inference, so we will shorten the alignment by extracting the variable sites using the
program snp-sites

snp-sites -o All_snps.aln All.aln

~
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/ Step 3: Build a phylogenetic tree from the SNP data in your genome\
alignment

Now you will build a phylogenetic tree from the SNP alignment that you created in the
last step. There are a lot of programs for building phylogenetic trees, and here we are
going to use one called RAXML which evaluates trees based on maximum likelihood.

The reference is:

A. Stamatakis: "RAXML-VI-HPC: maximum likelihood-based phylogenetic
\analyses with thousands of taxa and mixed models". In Bioinformatics, 2006 /

4 )

Like all programs, RAXML has requirements for the format of input files. Your
All_snps.aln file is multifasta format and RAXML requires phylip format, so open the
file in seaview and save it as phylip format under the name All_snps.phy by typing

seaview All_snps.aln then doing File > Save As > Format > Phylip(*.phy)

\_ )

File ¥ Edit © | Align © | Props ¥ | Sites T | Species T | Footers ™ | Search: |

P Y

All_snps.aln

Flle\' Edit T | Align © | Props © | Sites T | Species T | Footers ™ | Search:| Goto:

. Open ctrl+0 | -
O:en Mage I;i Seq:1 Pos:1|1 [5008 7#11 Lineage 1] A sel=0 1 Seq:22 Pos:41[41 [5236 7#10 Lineage 3]
€ cchcc || 5608 7#11 Lineage 1 GicCAGCCAICGCCC]
Open Phylip peecc gECGcggggggggCGccg 5008 7#1 Lineage 2 GCCCCGHCANCACCC
Open Clustal eccllccoccccodldle © seaview: choose file and format
BT ccclliccoccocoCAchd _ =
Open Fasta cCNABICCGCNNNG! LI B Phylip(*.phy) ¥| Favorites ¥ g
Open NEXUS CCCGCCCGCCONGEGEC(
Import from DBs CCCGCCCGCCGENCGEN( ]
== GRS CCCOCCCGECGE6C6EC( Argentina/
. C CCCOCCCGEENCGEGEC( Chile/
Saveas.. cCCAlicCGCCGCGCACH( Colombia/
: mt Costa_Rica/
— Peru/

Then, back at the command line, run RAXML by typing the following:

raxmlHPC -m GTRGAMMA -p 12345 —n STm -s All_ snps.phy

-N 20

\

would run the program with 20 different starting trees
(which is typically enough to find a problem if one exists)

fRecall that with a single iteration of a maximum likelihood method you risk recovering a\
tree from a local maximum, which means it might not be the best one. This can be avoided
by running multiple iterations with different starting points (we can’t do that now because of
time). The addition of multiple runs is done by adding the following flag to the command.

J
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Step 4: Interpret your phylogenetic tree

Open you final tree file (RAXML_result.STm) in FigTree and midpoint root it
by selecting Tree > Midpoint Root.

You will now need to give this file that you have saved in FigTree to your ge-
oreferencers in your group. Go to File > Export trees > sclect Newick file
format. Remember to save your file with a .nwk suffix so that you know what type
of file it is.

Interpret your phylogenetic tree by first taking some time to make some general
observations:

¢ Are there distinct clades resent in the isolates?
¢ Are there isolates that do not cluster with other isolates?

Then, using the relationships with the known lineages, define each of your isolates
as belonging to lineage 1, 2, 3, 4 or Other and pass the information on to your geo-
referencer. A picture of your tree as well as your general observations about it
should go into your team presentation. Take some time to make figure(s) you are
happy with and create a pdf picture file by selecting File > export PDF

Stm17
— Stm4
Stm15
Stm1
Stm5
Stm7
Stmé
Stm2
Stm13
Stm16|
Stm14
Stm3

Stm24

Stm23

Stm22
Stm19
Stm9

Stm11
Stm18
Stm21
Stm12

Stm20
Stmg
Stm10
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General Information

In this role, you are responsible for the investigation of antimicrobial resistance in
isolates from your country. You will correlate the phenotypic metadata with the
genetic information contained in the isolates using a local assembly approach with
ARIBA. ARIBA, Antimicrobial Resistance Identifier by Assembly, is a freely
available tool that can be installed from the ARIBA github repository. This tool
required a FASTA input of reference sequences, which can be a mutli-fasta file or
database of antibiotic resistance genes or non-coding sequences. This database will
serve as one of your inputs and the other is paired sequence reads. ARIBA reports
which of the reference sequences were found, plus detailed information on the quality
of the assemblies and any variants between the sequencing reads and the reference
sequences.

We have installed ARIBA in the virtual machine. You will download the CARD
database (https://card.mcmaster.ca/home) for resistance detection for your samples,
however other databases can be installed.

Further information and installation instructions are detailed in the github wiki page:
https://github.com/sanger-pathogens/ariba/wiki. The data can then be visualised using
Phandango, an interactive also freely available tool to visualise your outputs
http://jameshadfield.github.io/phandango/.

Step 1. Run ARIBA

Step 2. Visualise outputs (phandango.csv and .phandango.tre) in Phandango

Step 3. Compare resistance gene present with metadata

Step 4. Summarise your findings in text and screen shots for the presentation

/Step 1: Run ARIBA \

On the command line, navigate to your group folder in the Group_task_Georeferencing
folder. To run ARIBA you will need to download and format the database. Type:

ariba getref card out.card

Next you will need to format the reference database for ARIBA. Type:

Ciba prepareref —f out.card.fa —m out.card.tsv out.card.preparerefJ

-11 -
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Next you will need to run local assemblies and call variants, type:

ariba run out.card.prepareref reads_1l.fastq.gz reads_2.fastq.gz
out.run

The command should take about 5 minutes per sample. Be patient and wait for the command
prompt (denoted by a $ sign).

Next you will need to summarise the data from several runs. These are included in newly
generated folders. You will combine the data in report.tsv files.

ariba summary out.summary out.runl/reportl.tsv out.run2/report2.tsv
out.run3/report3.tsv

Three files will be generated, a .csv file with the summary of all the runs and two
.phandango files. You will need to drag and drop the out.summary.phandango.tre and
out.summary.phandango.csv into the Phandago window.

To understand the whole picture you will need to run ARIBA for ALL 24 samples. To save
time, we have already done this for all 24 samples. Please use the files in the ariba_reports
folder for subsequent steps. We suggest you run the analysis for a few samples to get an idea
of the results.

Step 2. Visualise in Phandango

@® jameshadfield.github.io/phandango/ Yr

Landing Examples About (wiki) GitHub

Interactive visualization of genome phylogenies

iaE

drop your data on to begin

About / Help (GitHub wiki)

Example Datasets

Github (source code)

Contact (email)
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Landing Main Settings Examples About (wiki) GitHub

|- 4.malch

murA_3.match
sdiA.match
sul2.match

sul3.match

rrsB+.match

mdsB.match
mdsC.match

gyrA_6.match
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dfrA12.match
dfrAl4.match
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On the left hand side is a dendogram of the phylogenetic relationship of the resistance
data and the strains. On the top panel are the matching resistance genes found. The
green colour indicates positive match and salmon pink is a negative match.

Consult the CARD database (https://card.mcmaster.ca/home) for the resistance
phenotype of the genes detected. Note that underscores (_) in the output data denotes
prime () or bracket, therefore AAC_3_-II is AAC(3)-II. The codes for these in a file
names ‘01 .filter.check_metadata.tsv’ produced when you prepared your database
(p-11). Consult the report.tsv of the particular sample of interest for the gene names. You
can open both .tsv files in excel.

CARD

The Comprehensive Antibiotic Resistance Database
A bioinformatic database of resistance genes, their products and associated phenotypes.

3598 Ontology Terms, 2346 Reference Sequences, 867 SNPs, 2160 Publications, 2272 AMR Detection Models

Browse Analyze Download
The CARD is a rigorously The CARD includes tools CARD data can be
curated collection of for analysis of molecular downloaded in a number
known resistance sequences, including of formats. RGI software
determinants and BLAST and the is available as a
associated antibiotics, Resistance Gene command-line tool. View
organized by the Identifier (RGI) software changes in CARD
Antibiotic Resistance for prediction of curation.
Ontology (ARO) and AMR resistome based on
gene detection models. homology and SNP

models.

Some general points to consider are:

* Does the presence of the gene correlate well with the phenotypic results?
e Is it the same in multiple isolates that share the resistance?

* Do you think it is vertically or horizontally transmitted?
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/ Step 4: Summarise your findings for the presentation \

Coordinate with your other team members to investigate the relationship of your
resistance with where the isolates lie in the phylogenetic tree (that the Tree builders
produced) and in the country (Georeferencer).

Consolidate your findings into some slides for the presentation and ensure the geo-
\ referencer produces a map of the distribution of resistance to complement your work. /

-14-
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General Information

Geo-referencing information from pathogens can provide insight into the processes
that drive their epidemiology. This can be used to infer whether single introductions of
a pathogen have occurred followed by local evolution (as in the S. sonnei in Vietnam
story described in the introductory talk and Holt et al, Nature Genetics, 2013) or
whether it transmits frequently across borders. It can also indicate regions affected by
antimicrobial resistance.

In this role, you are going to use the metadata provided and the tools
spatialepidemiology.net and Microreact.
In this role, you will complete the following steps:

Step 1. Identify the global positioning coordinates (longitude and latitude) of the
addresses where the isolates were collected

Step 2. Create a map of the metadata of the isolates for your country

Ubuntu Desktop

To start, open the metadata file for the strains is in
the inbuilt spread sheet program on the virtual
machine and note the address column, as well as
the two empty global positioning columns.

In Step 1 you will be locating isolates based on
Artemis their Address and filling out the information in the
Latitude and Longitude columns.

®
e;/.

11
3

Eventually you will obtain phylogenetic
LibreOFfice Calc | relationships for your samples from the Tree
¢ Builders in your team, which you will use as the

ED [

input for Microreact. For now get started with

Qteps 1 and 2. J
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~

Open a browser window and navigate to www.spatialepidemiology.net to obtain latitude
and longitude coordinates for your addresses.

/ Step 1: Identify the longitude and latitude of the isolate addresses

Click on the Create User Maps option on the right hand column (red arrow)

Then click on the 2™ tab Batch Geocode addresses and copy and paste the address column
\from your metadata file into this field. Click Start geocoding. /

<

-—

spatialepidemiology.net

Spatialepidemiology.net provides a map-based interface for the display and analysis of
infectious disease epidemiological data, including molecular data, utilising Google Maps and

Google Earth.

Mashing together genetic and epidemiological data, utilising the mapping tools provided by
Google, is providing an important new way of analysing and displaying epidemiological data. This
approach is likely to grow as Google Maps and Google Earth are free resources, which can
readily be linked to epidemiological data and analysis programs via a simple to use and intuitive

web interface.

DATASETS - See here

Our initial three datasets illustrate some of
the uses of Google Maps to display
epidemiological data. These include the
display of molecular typing data obtained for
a number of major bacterial pathogens using
multilocus sequence typing (MLST), the
surveillance of the distribution and spread of
the fungus Batrachochytrium dendrobatidis
which is causing widespread declines and
extinctions of amphibian species, and the
surveillance of drug-resistant bacteria in
Europe.

Imperial College
London

Contact Us
Aanensen

Imperial College London
Prof Brian Spratt

CREATE YOUR OWN MAPS - See here

We provide the facility to geocode your own
spatial data (e.g. on the distribution of a pathogen,
or pathogen genotypes, or the location of
infectious disease outbreaks) and display it on a
permanent map. Maps can take the form of a
simple collection of points or can contain
user-defined groupings of data allowing more
complex displays — e,g, the distribution on the
map of the location and extent of a disease in
different years.

Should you require help please contact us

wellcometust

Funded by The Wellcome Trust

-16-
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spatialepidemiology.net

Create User maps

Map Latitude/Longitude Loockup Batch Geocode addresses Simple Map Creation Advanced Map Creation

Batch Geocoding - Here you can enter a list of addresses and each is geocoded and latitude / longitude values returned. '”5”“5“0”5®

Please enter your list of addresses one per line - PLEASE READ INSTRUCTIONS BEFORE DOING SO
North West, UK
West Midlands, UK
Wales, UK
London, UK

South East, UK
London, UK
London, UK

South East, UK
South East, UK
South East, UX

Start geccoding | Reset Forms
Geocoding results - Results are displayed in TAB delimited format allowing you to copy and paste directly into Excel. Six columns are given details of which can be found here.
Address | Latitude | Longitude | Accuracy | Number of Addresses Returned | Address or error code.

London, UK 51.5073509 -0.12775829999998223 4 1  London, UK
London, UK 51.5073509 -0.12775829999998223 4 1 London, UK
London, UK 51.5073509 -0.12775829999998223 4 1 London, UK
1
1

' Y, TN 408405, USA

London, UK 51.5073509 -0.12775829999998223 4 London, UK

London, UK 51.5073509 -0.12775829999998223 4 London, UK

West Midlands, UK 52.4750743 -1.8298330000000078 3 1 West Midlands, UK

West Midlands, UK 52.4750743 -1.8298330000000078 3 1  West Midlands, UK

North West, UK 48.6655294 -123.40820329999997 9 2 2212 Harbour Rd, Sidney, BC V8L 2P6, Canada

North West, UK 41.5545253 -87.33737550000001 9 2 2135 W 35th Ave, Gary, IN 46408, USA

West Midlands, UK 52.4750743 -1.8298330000000078 3 1  West Midlands, UK

Wales, UK 52.1306607 -3.783711700000026 2 1 Wales, UK

London, UK 51.5073509 -0.12775829999998223 4 1 London, UK

South East, UK 0 0 O 0 Unknown Address: No corresponding geographic location could be found for the specified address.

As described on the website, this returns the address geocoding in six columns. The first

three: Address, Latitude and Longitude are what we are after to update our metadata
file.

You are also given a measure of address accuracy (for how specific the address is) and
multiple addresses where a single one could not be specified.

Copy and Paste this information directly from the field into the spread sheet program
and manually curate (i.e. decided between the options for each one) the address until
you have a single latitude and longitude for each isolate.

Then, update the latitude and longitude columns in your metadata file.
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/ Step 2: Create a map of the metadata of the isolates for your country \
Although www.spatialepidemiology.net is a complete geo-referencing tool, we are going
to use some of the added functionality available in Microreact to visualize and explore

your trees and metadata.

Microreact enables you to visualize phylogenetic relationships of isolates linked to
geographic locations. Dynamic visualization of the data with interactive map, tree and

\ metadata windows. http://microreact.org /

@ https://microreact.org/showcase

= -(‘ . Showcase Upload nstructions About

react

Microreact allows you to link, visualise and explore your data using trees,
maps and timelines.

Streptococcus pneumoniae Salmonella Typhi Y-chromosome Human
Phylogeny
: _‘\gf / oy
I o/ 7. 4 SEs
/ // s /' /f
;K‘g.! / ‘)f‘c/,l_., !
%« N\
\Ff‘

Croucher NJ et al. 2014. Wong V et al. 2015. Hallast P et al. 2015.
Variable recombination dynamics Phylogeographical analysis of the The Y-chromosome tree bursts into lea

/To prepare for the next step, save your updated metadata file with GPS locations as a .csv \
by doing File > Save as > metadata.csv

Read the instructions on how to set format your metadata file to visualise in microreact.
This is vital for the next steps.

\Note: You can obtain more HTML colour codes at http://htmlcolorcodes.com/ /

You will need a NEWICK (.nwk) file from the tree builders and the .csv metadata file
you have just saved for the next step.
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Drag the relevant .csv file and .nwk in the ‘UPLOAD’ section on the website.

Simply drag and drop files anywhere on this page,
browse for files, or enter file URLs:

.csvfile 0O
nwk file 0O

One data file ( .csv or .tsv) is required and a tree file ( .nwk or .newick) is optional.

.csv file? .nwk file?

This is your data file. It must contain an id column with a valid identifier for every row, which This is your tree file which must be in valid Newick format.

must be unique and must not contain full stops or commas:
Every leaf label must correspond to an identifier that is specified in the id column of your data

Geolocations can be specified by latitude and longitude columns. You can find the file
latitude and longitude for a certain location using this service.

The number of labels in the .nwk file must match the number of identifiers within the id
Temporal data can be specified by year, month and day columns. column of the data file.

Create a new project

What is the name of your project: *

metadata_microreact

CANCEL CREATE PROJECT

4 N

You can include a different name for your projects and a brief description if you would like.
N\ J

4 N

Leave ‘project website’ section blank and your email is optional. Then ‘create project’.
N\ J
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A 5 Map | sateliite IB
L S —

71 1000 km L——1  Terms of Use | Report a map error

SHOW CONTROLS

Menu: @ BB L. @ ¥

Developed at Imperial College London

Shapes and Colours

This will update shapes and colours on map and tree.

Labels

This will display text next to nodes on tree.

NONE COUNTRY YEAR HAPLOTYPE PRIMARYCLADE CLADE D COUNTRY YEAR HAPLOTYPE PRIMARYCLADE CLADE SUBCLADE

The resulting map and tree enables you to query your data.

Look at the distribution of your isolates across the country when coloured by:

* Clade — how are the isolates distributed? Are there any patterns you can see to the
distribution? What factors might be driving the distribution?

* Antimicrobial resistances — coordinate with your team antimicrobial resistance
investigator for this — are there patterns to any of the resistances? And is this related to
clades?

Take snap shots of the images and report your findings in the group presentation.
Some examples are below.
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ﬁ)ther geo-tagging resources \

Pathogens do not respect borders and global travel is increasingly frequent. For this reason
the effective tracking and tracing of pathogens internationally is more important then ever.
The analysis of your S. Typhimurium isolates tells us about how the pathogen behaves on a
city-wide scale. To see if the epidemiology and resistance patterns you observed in your
HCMC translate to the global scale, we need effective collaboration. For the geo-tagging
recourses mentioned below, you can use either your own country data or data from the
course for practice.

- /

Other free geo-tagging resources.

WGSA: Is a web application for the processing, clustering and exploration of microbial
genome assemblies. You can upload your assemblies and accompanying metadata to view
assembly stats and view other metadata. https://www.wgsa.net/

EpiCollect: Is a freely available web and mobile app tool that is used for data collection
(questionnaires), using multiple mobile phones and the data can be centrally viewed using
Google maps/ tables and charts. www.epicollect.net

Phylocanvas: Metadata in binary format can be displayed next to the tree leaves by
uploading a .csv file together with the tree file. http://phylocanvas.net

CartoDB: Much like the Google maps exercise you completed, CartoDB allows the user to
map and analyze location data . This tool can take multiple file formats as input e.g. XLS,
CSV and SQL amongst others. https://cartodb.com/

DISCLAIMER: All the locations and dates of the Salmonella isolates are
fictitious and solely for educational purposes. No data was collected from
Public Health England.

End of module...

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

-21-




References

References

Abbot, J. C. et al. (2005) Bioinformatics 21(18) 3665-3666. WebACT — an online
companion for the Artemis Comparison Tool.

Allen JE & Salzberg SL (2005). Bioinformatics 21: 3596-3603. JIGSAW: integration of
multiple sources of evidence for gene prediction.

Alexa A. et al. (2006) Bioinformatics 22: 1600-1607. Improved scoring of functional
groups from gene expression data by decorrelating GO graph structure.

Anders S & Huber W (2010) Genome Biol 11: R106. Diftferential expression analysis for
sequence count data.

Anders S. HTSeq: Analysing high-throughput sequencing data with Python. 2010.
Software. [http://www-huber.embl.de/users/anders/HTSeq/]

Assefa, S. et al. (2009) Bioinformatics 25 (15) 1968-9. ABACAS: algorithm-based
automatic contiguation of assembled sequences.

Berriman, M., and K. Rutherford (2003) Brief Bioinform 4 (2) 124-132. Viewing and
annotating sequence data with Artemis.

Bozdech Z. et al. (2003) PLOS Biol 1: E5.The transcriptome of the intraerythrocytic
developmental cycle of Plasmodium falciparum.

Carver T. J. et al. (2010) Bioinformatics (doi:10.1093/bioinformatics/btq010)
BamView: Viewing mapped read alignment data in the context of the reference
sequence.

Carver T. J. et al. (2005) Bioinformatics 21: 3422-3. ACT: the Artemis Comparison Tool.

Conesa A, et al. (2005) Bioinformatics 21: 3674-3676. Blast2GO: a universal tool for

annotation, visualization and analysis in functional genomics research.



References

Delcher AL. et al. (1999) Nucleic Acids Res 27: 4636-4641. Improved microbial gene
identification with GLIMMER.

Gardner et al. (2002). Nature 419(6906):498-511. Genome sequence of the human
malaria parasite Plasmodium falciparum.

Grant GR, et al. (2011) Bioinformatics 27: 2518-2528. Comparative analysis of RNA-Seq
alignment algorithms and the RNA-Seq unified mapper (RUM).

Hacker, J. et al. (1997) Mol Microbiol 23: 1089-97. Pathogenicity islands of virulent
bacteria: structure, function and impact on microbial evolution.

Haas BJ, et al. (2008). Genome Biol 9: R7. Automated eukaryotic gene structure
annotation using EVidenceModeler and the Program to Assemble Spliced Alignments.

Hardcastle TJ & Kelly KA (2010). BMC Bioinformatics 11: 422. baySeq: empirical
Bayesian methods for identifying differential expression in sequence count data

Kozarewa, 1., Z. Ning, et al. (2009). Nature Met 6(4): 291-295. Amplification-free
[llumina sequencing-library preparation facilitates improved mapping and assembly of
(G+C)-biased genomes.

Langmead et al. (2009). Genome Biol 10:R25. Ultrafast and memory-efficient alignment
of short DNA sequences to the human genome.

Li et al. (2008a). Genome Res 18:1851-8. Mapping short DNA sequencing reads and
calling variants using mapping quality scores.

Li et al. (2008b). Bioinformatics 24(5):713-714. SOAP: short oligonucleotide alignment
program.

Li et al. (2009). Bioinformatics, 25:1754-60. Fast and accurate short read alignment with
Burrows-Wheeler Transform.

Majoros et al. (2003) Nucleic Acids Res 31 (13) 3601-3604. GlimmerM, Exonomy and
Unveil: three ab initio eukaryotic genefinders.

Mortazavi et al. (2008). Nature Met 5: 621 — 628. Mapping and quantifying mammalian
transcriptomes by RNA-Seq.

Ning et al. (2001). Genome Res 10:1725-9. SSAHA: a fast search method for large DNA
databases.



Otto et al. (2010) Mol Microbiol Apr;76(1):12-24. New insights into the blood stage
transcriptome of Plasmodium falciparum using RNA-Seq.

Otto, T. D., G. P. Dillon, et al. (2011). Nucleic Acids Res 39(9): e57. RATT: Rapid
Annotation Transfer Tool.

Otto, T. D., M. Sanders, et al. (2010). Bioinformatics 26(14): 1704-1707. Iterative
Correction of Reference Nucleotides (1ICORN) using second generation sequencing
technology.

Parkhill, J. (2002) Method Microbiol 33: 1-26. Annotation of microbial genomes.

Robinson MD, et al. (2010) Bioinformatics 26: 139-140.edgeR: a Bioconductor

package for differential expression analysis of digital gene expression data.

Rutherford et al. (2000) Bioinformatics 16 (10) 944-945. Artemis: sequence
visualization and annotation.

Simpson, J. T., K. Wong, et al. (2009). Genome Res 19(6): 1117-1123. ABySS: a
parallel assembler for short read sequence data.

Stephens et al. (1998). Science 282(5389): 754 — 759. Genome sequence of an
obligate intracellular pathogen of humans: Chlamydia trachomatis.

Tsai, 1. J., T. D. Otto, et al. (2010). Genome Biol 11(4): R41. Improving draft
assemblies by iterative mapping and assembly of short reads to eliminate gaps.

Trapnell et al. (2009). Bioinformatics 25(9):1105-1111. TopHat: discovering splice
junctions with RNA-Seq.

Wang et al. (2009). Nat Rev Genet 10(1):57-63. RNA-Seq: A revolutionary tool for
transcriptomics.

Zerbino, D. R. and E. Birney (2008). Genome Res 18(5): 821-829. Velvet: algorithms
for de novo short read assembly using de Bruijn graphs.



Appendices

Appendices



Appendices

Appendix I: Course Virtual Machine (VM) Quick Start Guide

Using a VM enables us to encapsulate the course data and software in such a way that you
can still make use of them when you return to your own laboratory.

To use the VM on the USB stick provided, you will first need to download VirtualBox
(http://www.virtualbox.org/). This software is required to run the VM on your machine, it is
free and available for windows, MacOSX and linux,

For a detailed description of VirtualBox and the installation see the on-line manual
(http://www.virtualbox.org/manual/).

Download and Install VirtualBox

eDownload VirtualBox for the type of workstation you are using (e.g. Windows) from
http://www.virtualbox.org/wiki/Downloads.

eDouble click on the executable file (Windows). The installation welcome dialog opens and
allows you to choose where to install VirtualBox to, and which components to install.
Depending on your Windows configuration, you may see warnings about "unsigned drivers"
or similar. Please select "Continue" on these warnings; otherwise VirtualBox might not
function correctly after installation.

e[aunch the VirtualBox software from the desktop shortcut or from the program menu.

Setting up the VM

VirtualBox needs to be pointed at the VDI (This is the file that is on the memory stick used
during the course) file as follows:

eInsert the USB memory stick provided. This contains a Virtual Disk Image (VDI) file.

Create a new virtual machine by selecting ‘New’ from the options at the top. Then fill the
boxes in as shown below:

In the first window enter:

Name: Artemis

Operating System: Linux

Version: Ubuntu
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OO0 Create New Virtual Machine

VM Name and OS Type

Enter a name for the new virtual machine and select the type of the guest
operating system you plan to install onto the virtual machine.

The name of the virtual machine usually indicates its software and hardware
configuration. It will be used by all VirtualBox components to identify your
virtual machine.

Name
Artemis
0OS Type
Operating System: [ Linux :) @T

Version: [ Ubuntu 4]

( GCo Back ) ( Continue )

Click ‘Continue’
In the next window set the memory to at least 1GB (as shown), but 2GB (2048 MB)

will give you better performance. You can use more but no more than half the amount
of memory on your PC.

Memory size

Select the amount of memory (RAM) in megabytes to be Id al
allocated to the virtual machine.

The recommended memory size is 768 MB.

1024 ||,/ MB

I

4 MB 8192 MB

Go Back Continue | | Cancel |

Click ‘Continue’.
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In the next window select ‘Use existing hard disk’ and from the folder icon
on the right hand side navigate to the memory USB stick and select the VDI
file located on the memory stick

Create New Virtual Machine

Virtual Hard Disk

Select a virtual hard disk to be used as the boot hard disk of the virtual machine.

You can either create a new hard disk or select an existing one from the drop-
down list or by pressing corresponding button (to invoke file—-open window).

If you need a more complicated hard disk setup, you can also skip this step and
attach hard disks later using the VM Settings dialog.

The recommended size of the boot hard disk is 8.00 GB.
V' Boot Hard Disk

() Create new hard disk
(*) Use existing hard disk

[ (O WT-2011-Pathogen.vdi (Normal, 14.00 GB) 2@

( GoBack ) { Continue )

Click ‘Continue’.

There will now be an ‘Artemis’ (powered off) button in the left hand side of VirtualBox.

Oracle VM VirtualBox Manager

) % -~
{::} {:} s (@) Snapshots (1)

New Settings Start Discard

. CO\IHG ﬁ pshot 1) = General = Preview
Name: Art Course p

0S Type: Ubuntu

P

System Art Course

Base Memory: 512 MB

Boot Order:  Floppy,
CD/DVD-
ROM, Hard
Disk

Display

Video Memory: 12 MB
Remote Desktop Server: Disabled

@ Storage

IDE Controller
IDE Secondary Master (CD/DVD): VBoxGuestAdditions.iso
(36.63 MB)
SATA Controller
SATA Port 0: WT-2011-Pathogen.vdi
(Normal, 14.00 GB)

I Audio

Host Driver: CoreAudio
Controller: ICH AC97 b4

EN

-
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Double click on this new Artemis course power button to start the VM. It will then log
you into the Ubuntu desktop.

Setting up a Shared Folder

This allows you to share a folder between the VM and your workstation. This means you
can put files that you want to share between the operating systems in this folder.

Create a directory to share called ‘“VMshare’ on your machine. With the VM shutdown
select the ‘Artemis’ button in VirtualBox and click ‘Settings’ in the top menu bar. Go to
‘Shared Folders’ and select the ‘“+’ button on the right. In the ‘Folder Path’ select ‘Other’
and navigate to and select the ‘“VMshare’ folder that you have created. Then click on
‘OK’.

When the ‘Artemis’ VM is next started double click on the ‘mount’ icon in your home
folder. This will open a window that you need to type the password into:

wt

It will show the contents of this folder in the /home/wt/host directory in Ubuntu.

A note on memory usage:

Some computing processes are very memory hungry. Should you find that your computer
processes are killed without a clear reason, one aspect to check is the amount of memory
allocated to the VM. The 1024MB you have allocated using this tutorial has been check
and should be enough. Nonetheless, the amount of memory allocated to the VM can be
changed at any time.
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Appendix II: Artemis minimum hardware and software requirements.

Artemis and ACT will, in general, work well on any standard modern
machine and with most common operating systems. It is currently used on
many different varieties of UNIX and Linux systems as well as Apple
Macintosh and Microsoft Windows systems.

Appendix III: ACT comparison files
ACT supports three different comparison file formats:

1) BLAST version 2.2.2 output: The blastall command must be run with
the -m 8 flag which generates one line of information per HSP.

2) MegaBLAST output: ACT can also read the output of MegaBLAST,
which is part of the NCBI blast distribution.

3) MSPcrunch output: MSPcrunch is program for UNIX and GNU/Linux
systems which can post-process BLAST version 1 output into an

easier to read format. ACT can only read MSPcrunch output with
the -d flag.

Here is an example of an ACT readable comparison file generated by
MSPcrunch -d.

1399 97.00 940 2539 sequencel.dna 1 1596 AF140550.seq

1033 93.00 9041 10501 sequencel.dna 9420 10880 AF140550.seq
828 95.00 6823 7890 sequencel.dna 7211 8276 AF140550.seq
773 94.00 2837 3841 sequencel.dna 2338 3342 AF140550.seq

The columns have the following meanings (in order): score, percent
identity, match start in the query sequence, match end in the query
sequence, query sequence name, subject sequence start, subject sequence
end, subject sequence name.

The columns should be separated by single spaces.
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Appendix I'V: Feature Keys and Qualifiers — a brief explanation of what they are
and a sample of the ones we use.

1 — Feature Keys: They describe features with DNA coordinates and once marked,
they all appear in the Artemis main window. The ones we use are:

CDS: Marks the extent of the coding sequence.
RBS: Ribosomal binding site

misc_feature: Miscellaneous feature in the DNA
rRINA: Ribosomal RNA

repeat_region

repeat_unit

stem_loop

tRNA: Transfer RNA

2 — Qualifiers: They describe features in relation to their coordinates. Once marked
they appear in the lower part of the Artemis window. They describe the feature whose
coordinates appear in the ‘location’ part of the editing window. The ones we
commonly use for annotation at the Sanger Institute are:

/elass: Classification scheme we use “in-house” developed from Monica Riley’ s
MultiFun assignments (see Appendix VI).

/colour: Also used in-house in order to differentiate between different types of genes
and other features.

/gene: Descriptive gene a name, eg. ilvE, argA etc.

/label: Allows you to label a gene/feature in the main view panel.

/mote: This qualifier allows for the inclusion of free text. This could be a description of
the evidence supporting the functional prediction or other notable features/information
which cannot be described using other qualifiers.

/product: The assigned possible function for the protein goes here.

/pseudo: Matches in different frames to consecutive segments of the same protein in
the databases can be linked or joined as one and edited in one window. They are
marked as pseudogenes. They are normally not functional and are considered to have
been mutated.

/locus_tag : Systematic gene number, eg SAS1670, Sty2412 etc.

The list of keys and qualifiers accepted by EMBL in sequence/annotation submission

files are list at the following web page:
http://www?3.ebi.ac.uk/Services/WebFeat/

-10-
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Appendix V: Generating ACT comparison files using BLAST

The following pages demonstrate how you can generate your own comparison files for ACT
from a stand-alone version of the BLAST software. In Appendix X the NCBI BLAST
distribution was downloading onto a PC with Windows XP. The exercises in this module are
based on the Linux version of the BLAST software. Although the operating systems are
different, the command lines used to run the programs are the same. One of the main
differences between the two operating systems is that in Windows the BLAST program
command line is run in the DOS Command Prompt window, whereas in Linux it is run from a
Xterminal window.

In the exercises below you are going to download two small sequences (plasmids), and for two
large sequences (whole genomes). You are then going generate files containing DNA sequences
in FASTA format for these sequences, which will then be compared using two different
programs from the NCBI BLAST distribution to generate ACT comparison files.

Exercise 1

ﬁthis exercise you are going to download two plasmid sequences in EMBL forma‘\
from the EBI genomes web page. You are then going to use Artemis to write out the
DNA sequences of both plasmids in FASTA format. These two FASTA format
sequences will then be compared using the blastall program from the NCBI BLAST
distribution. Using blastall you can run BLASTN to identify regions of DNA-DNA
similarity and write out a ACT readable comparison file. If required, blastall can also
used to run other flavours of BLAST with the appropriate input files (i.e. DNA files for
TBLASTX, protein files for BLASTP, and protein and DNA for BLASTX). For the
purposed of generating ACT comparison files BLASTN and TBLASTX are
appropriate.

In this example two relative small sequences have been chosen (<500 kb). BLAST
running on a relatively modern stand alone machine can easily deal with required
computations, and thus the comparison file should be produced in a matter of seconds.
However as the size of the compared sequences increases the time taken to produce the
output will dramatically increase. Therefore for very large sequences (several Mb) it
will be impractical to run them using blastall. In Exercise 2 you will use megablast,
another program in the NCBI BLAST distribution, which is useful for comparing large
sequence that are very similar.

The plasmids chosen for this comparison are the multiple drug resistance incH1

plasmid pHCM1 from the sequenced strain of Salmonella typhi CT18 originally
isolated in 1993, and R27, another incH1 plasmid first isolated from S. typhi in the

\_ /
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Downloading the S. #yphi plasmid sequences

Genomes Pages - At the EBI

°

Go to the EBI genomes web page (http://www.ebi.ac.uk/genomes)

o Ensembl
o Fasta

Complete genomes
Archaea

°
°
°
°
°
°
°
o

This website uses cookies. By continuing to browse this site, you are agreeing to the use of our site cookies. To find out more, see o
our Terms of Use.

Services = Research | Training = About us

Access to Completed Genomes

The first completed genomes from

[ les were deposited into the EMBL Database in the early 1980's. Since then,
molecular biology's shift to obtain the complete sequences of as many genomes as possible combined with major developments in
sequencing technology resulted in hundreds of complete genome sequences being added to the including Archaea, Bacteria and
These web pages give access to a large number of complete genomes, help is available to describe the layout.

Whole Genome Shotgun Sequences (WGS)

Methods using whole genome shotgun data are used to gain a large amount of genome coverage for an organism. WGS data for a growing
number of organisms are being submitted to DDBJ/EMBL/GenBank.
More information about WGS projects...

Last 40 Genome Entries

Date Accession Description

02-MAY-2015 CP011047.1 Cronobacter sakazakii strain ATCC 29544

02-MAY-2015 Helicobacter pylori 199

02-MAY-2015 Escherichia coli 0104:H4 str. C227-11
02-MAY-2015 CP011341.1 Rhodococcus aetherivorans strain IcdP1
02-MAY-2015 Accipiter nisus mitochondrion
02-MAY-2015 K1680301.1 Branta bernicla mitochondrion

Click on the Plasmid hyperlink

Pitta nympha mitochondrion

o 0o 0 0 o

© 0 00 0 o

Archaea
Archaeal virus
Bacteria

Viroid
Virus
Links

° WGS info

Server

[em]

This website uses cookies. By continuing to browse this site, you are agreeing to the use of our site cookies. To find out more, see =
our Terms of Use.

Research

Services

Genomes Pages - Plasmid

1067 organisms.

Accession numbers of all the entries listed below may be downloaded as a text file for use in downloading using the Sequence Version
Archive.

A more-detailed is also available.

List of available genomes (on 5-MAY-2015)

Sequence
Description Length (bp) Broiect i
Plain HTML
oplasma
Scroll down the page
1 ‘Rehmannia glutinosa’ phytoplasma plasmid pPARG1 4,371 FJ905104 FJ905104

P to the Salmonella

2a rochloris marina MBIC 7 plasmid pREB1 374,161 CP000838 1 . d

2b Acaryochloris marina MBIC11017 plasmid pREB2 356,087 CP000839 p asml S

2c Acaryochloris marina MBIC11017 plasmid pREB3 273,121 CP000840 352 Tasta UniProt
2d Acaryochloris marina MBIC11017 plasmid pREB4 226,680 CP000841

2e Acaryochloris marina MBIC11017 plasmid pREBS 177,162 CP000842

2f Acaryochloris marina MBIC11017 plasmid pREB6 172,728 CP000843

2g Acaryochloris marina MBIC11017 plasmid pREB7 155,110 CP000844 172 fasta UniProt
2h Acaryochloris marina MBIC11017 plasmid pREB8 120,693 CP000845 115 fasta UniProt
2i Acaryochloris marina MBIC11017 plasmid pREB9 2,133 CP000846 4 fasta

3 Acetobacter aceti pAC5 5,123 2 fasta UniProt

-12-
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Press the Shift key and left Click on the
accession number hyperlink for pHCM1
(AL513383) in the Plain Sequence column

A Genomes Pages - Plasmid - Microsoft Internet 3@@
T

File Edit View Favorites Tools Help

o

@Back v ‘ﬂ @ _h /7\ Search \“J/E_(Favorites eMedia e} L'v\ < _J 3
\

Address [@ http: /fwww.ebi.ac.uk/genomes fplasmid.html

v‘ Go Links

TO7T | TNITOUUTETTTUS Tarus -2 T Prasiiig Pzt \ T ZIIT[UITELT [ UIUSET | ZLASIA SKS =
Riemerella anatiystifer
158a | Riemerella anatipestifer plasmid pCFC1 i 3,966 | AF048718 | AF048718 | 4 FASTA SRS
158b | Riemerella anatipestifer plasmid pCFC2 5,609 | AF082180 | AF082180 | 3 FASTA SRS
Ruminococcus flavefacien
159 IRuminococcus flavefaciens R13e2 cryptic plasmid pBAW301 I \1,768 l U22411 Im I 1 FASTA SRS
Salmonella choleraesuis
160 I Salmonella choleraesuis strain 79500 plasmid pSFD10 I 4\4 IAY048853 I AY048853 I 6 FASTA SRS
Salmonella enterica
161 | Salmonella enterica subsp. enterica serovar Berta plasmid pBERT 4,656 25795 | AF025795 | 9 FASTA SRS
162a ﬁ:l(r:n';r;ella enterica subsp. enterica serovar Typhi str. CT18 plasmid 218.160 | aL513383 | AL513383 2 %
162b zgmgeg:'gm;rica subsp. enterica serovar Typhi str. CT18 106,516 | ALs13384 | AL513384 132 %

163 ﬁ:lFr)nT%nrlla enterica subsp. enterica serovar Typhimurium plasmid 12,656 | 7634602 | AJB34602 | 6 FASTA SRS
Salmonella enteritidis

164a | Salmonella enteritidis serovar Enteritidis plasmid pC 5,269 | AY079201 | AY079201 | 4 FASTA SRS

164b | Salmonella enteritidis serovar Enteritidis plasmid pK 4,245 | 2Y079200 | AY079200 | 3 FASTA SRS

164c | Salmonella enteritidis serovar Enteritidis plasmid pP 4,301 | A¥079199 | AY079199 | 3 FASTA SRS

Salmonella typhi

165a | Salmonella typhi R27 plasmid 180.461| aF2s0s7s | AFosog7g | 204 EASTA
165b | Salmonella typhi plasmid R27 38,245 | AF105019 | AF105019 i

Salmonella typhimurium
T T T T T

= | Save the EMBL sequence
in a suitable directory.
For example:

BLAST_ Appendix

Look in: | /BLAST_Appendix
Name <[ size Last Modified [=]

File name: ‘ pHCM1.embl

Files of type: |A1I Files (*)
[[] Show hidden files and directories Save | ‘ Cancel |

Save the file as pHCM1.embl

Repeat for the Salmonella typhi R27 plasmid (AF250878). Be careful when choosing
the plasmid to download as there is also a Salmonella typhi plasmid R27 entry
(AF105019 ), the one that you want is the larger of the two, 180,461 kb as opposed to
38,245 kb — make sure the accession number is correct. Save as R27.embl.

13-
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In order to run BLASTN you require two DNA sequences in FASTA format. The
pHCMI1 and R27 sequences previously downloaded from the EBI are EMBL format
files, i.e. they contain protein coding information and the DNA sequence. In order to
generate the DNA files in FASTA format, Artemis can be used as follows.

Load up the plasmid EMBL files in Artemis (each plasmid requires a separate Artemis
window), select Write, All Bases, FASTA format.

e 06 Artemis Entrdit: pHCM1.embl
Entries Select View Goto Edit Create Run Graph Displa
Show File Manager ...
Read An Entry ... I
0 215775..215777 = complement (2g4..2386)
Read Entry Into »
gad Dlfan1t ey O | T T T TR T TR N\ (TR TR T IR R
Save (An| Entry L L LT . G A 1 (N Y
Save An Entry As »
ity S R || [ TR I |||||||:u| O T T o T T S A TR A N T W
Anino Acids Of Selected Features 0
Amino Acids Of Selected Features to Quali | |§6q00 4I|§400 7200
Clone This Window
PIR Database Of Selected Features RBS R3S jsc feature
prin!rmnge Fizke (Eaaran |/ L L] Lo |<1:121|«|:mm|| =1 |
Print Preview Upstream Bases Of Selected Features 4:::?|J7||"| F I e ||"||m| |||
HCM1.17¢c
Preferences i NG T BT i)
.3 HCM1 .20c HCM1. M|
eose All Bases 4 Format \4 [S
G DFLQFTULTITEA ADGTI e Q
Codon Usage of Selected Features Y
I FSSS S SRRV ¥ s R 's s s Tu}
R F S PVPHRGGYTSAS*FSRTFPC CEA BAS V * 4§ Cenbank Format V P G L H
IGEGCGATTTTCTCCAGTTCCTCATCGAGGCGGGTATACGTCAGCCTCH \TTTCCTTGTGAA CAC'.
|20 |60 80 100 [120

CCGCTAAAAGAGGTCAAGGAGTAGCTCCGCCCATATGCAGTC

ACACTTCGGTCGCAAACTATTTCCCTAACGGCCTTTCGTCATGGTCCAGAC!

R N E G T G

* R P PY VDAEU QNTETLNSGHOQSA ALTU QYZLSOQRT FATUGTZPRTECG GG s

|
1
o
A‘
|
]
|

. S KR WNURMSGSAZPTIR®*GGS K * S KRTVFGANSTLZ®PTIAZPTFTC CYWTOQMTZ RUWI
[AT ¥ F T F F DL RTY T L RRTKTLTE KHETLWREKTTFPNGSTLTTL VL DADTEV
"8 J4 >
<5
source 1 218160
CDS 1 218160 ¢ HCM1.0lc, possible membrane protein, len: 185 aa; unknown function, contains hydrophobic, gm|
RBS 536 540 ¢ possible R3S
CDS 742 1053 ¢ HCM1.02c, hypothetical protein, len: 103 aa; unknown function {
CDS 1367 1690 ¢ HCM1.03c, hypothetical protein, len: 107 aa; unknown function |
RBS 1697 1702 ¢ possible RBS
repeat_unit 1871 1883 13 bp inverted repeat flanking IS1
repeat_unit 1871 2585 c |
CDS 1876 2346 ¢ Hcv1 04c, insB, possible ISl transposase, len: 156 aa; highly similar to many from Enterobe
CDS 2265 2540 ¢ HCM1.05c, insA, probable IS1 transposase, len: 91 aa; highly similar to many from Enterobac
‘-1mlsc feature 2284 2289 ¢ possible translational frameshift site, similar to that determined experimentally (EMBL:X5Z
| misc_feature 2472 2495 ¢ PS00017 ATP/GTP-binding site motif A (P-loop)
repeat_unit 2573 2585 ¢ 13 bp inverted repeat flanking ISl
|[m cps 2694 3644 ¢ HCM1.07c, corA, probable magnesium and cobalt transport protein, len: 316 aa; similar to me
W misc_feature 2697 3584 ¢ Pfam match to entry PF01544 CorA, CorA-like Mg2+ transporter protein, score 432.90, E-value
| Ras 3653 3656 ¢ possible RBS
| RBS 4004 4007 possible R3S
CDS 4014 4343 HCM1.08, hypothetical protein, len: 109 aa; similar to the N-terminal half of SW:YIGE_ECOL],
CDS 4363 4569 ¢ HCM1. loc, hypothetical protein, len: 68 aa; unknown function
RBS 4577 4581 ¢ possible RBS . L . R . . . L o . 4
F= > 3
| — - Al

e6o

[X| Select an output file name ...

Save In:

]E BLAST_Appendix

Save the DNA sequence in

|t

the BLAST Appendix

[y pHCML. enb
[y r27. emb

directory

Save as pHCM1.dna

File Name:

[pHCML. dnal |

Files of Type:

|A11 Files

save || cancel |

Also do this for R27.embl

-14-



Appendices

Running Blast

\

There are several programs in the BLAST package that can be used for generating
sequence comparison files. For a detailed description of the uses and options see the
appropriate README file in the BLAST software directory (see Appendix X).

In order to generate comparison files that can be read into ACT you can use the blastall
program running either BLASTN (DNA-DNA comparison) or TBLASTX (translated
DNA-translated DNA comparison) protocols.

As an example you will run a BLASTN comparison on two relatively small sequences;
the pHCM1 and R27 plasmids from S. #yphi. In principle any DNA sequences in FASTA
format can be used, although size becomes and issue when dealing with sequences such
whole genomes of several Mb (see Exercise 2 in this module). When obtaining
nucleotide sequences from databases such as EMBL using a server such as SRS
(http://srs.ebi.ac.uk), it is possible to specify that the sequences are in FASTA format.

To run the BLAST software you will need an Xterminal window like the one below. If
you do not already have one opened, you can open a new window by clicking on the
Xterminal icon on the menu bar at the bottom of your screen.

File Edit View Terminal Go Help

$:1

[2]

L 5

4 )
Make sure you are in the appropriate directory (in this example it is BLAST Appendix.)

You should now see both the new FASTA files for the pHCM1 and R27 sequences in the

BLAST_ Appendix directory as well as their respective EMBL format files.

(Hint: You can use the pwd command to check the present working directory, the cd

command to change directories, and the Is command will list the contents of the present
\working directory).

J

When comparing sequences in BLAST, one sequence is designated as a database
sequence, and the other the query sequence. Before you run BLAST you have to format
one of the sequences so that BLAST recognises it as a database sequence. formatdb is a
program that does this and comes as part of the NCBI BLAST distribution.

-15-
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You will treat pHCM1.dna as the database
sequence and R27.dna as the query sequence

At the Command Prompt type:
formatdb —i pHCM1.dna —p F

Press Return

formatdb is the
database format program /

v nina

File 4Adit View Terminal Go Help

$: formatdb —i pHCM1.dna —p F

[ —i designates the input }

sequence: pHCMI1.dna

[ —p designates the sequence type: J

DNA is F (protein would be T)

L

Now you can run the BLAST on the two plasmid sequences. The program that you are
going to use is blastall. In addition to the standard command line inputs we have to add an
additional flag (-m 8) to the command line so that the BLAST output can be read by ACT.

This specifies that the output of BLAST is in one line per entry format (see appendix II).

At the Command Prompt type:

Press Return

blastall —p blastn —-m 8 —d pHCM1.dna —i R27.dna —o pHCM1 _vs R27

tblastx could be substituted here if a
translated DNA-translated DNA
comparison was required

—o designates the

output file:
pHCMI1 vs R27

File Edit Terminal Go Help

): blastall —p blastn -m 8 —d pHCM1.dna —i R27.dna —o pHCM1_vs_R27
blastall is the
BLAST program

—m 8 designates the

—p designates the flavour of ACT readable
BLAST: blastn (in this instance output

[*]

—d designates the —i designates the

database sequence: query sequence:
pHCMI.dna R27.dna

a DNA-DNA comparison)

-16-



Appendices

The pHCM1 _vs R27 comparison file can now be read into ACT along
with the pHCM1.embl and R27.embl (or pHCM1.dna and R27.dna)
sequence files.

[X| ACT: pHCM1.embl vs R27.embl

tries Select View Goto Edit Create Write Run Graph Display

I

B DObE 2 R 1 R
b &> b bER B D DD b
e - B @D B RIHBED D

I DD DRIIDID b8
<%194000 58500 [78000 la7s00
4 <]<1] q q@ «
il q

q

[78000 |a7500 |117000 |136500 |156000 [175500
q {Fepeat_reqion M@ 4
44 aA=q 4 4@ q # {4 ¢1dmea
q 44 WO AW = @
4 O 94 49 i

/F he result of the BLASTN comparison shows that there are regions of DNA shareh
between the plasmids; pHCM1 shares 169 kb of DNA at greater than 99% sequence

identity with R27. Much of the additional DNA in the pHCM1 plasmid appears to

have been inserted relative to R27 and encodes functions associated with drug

resistance. What antibiotic resistance genes can you find in the pHCM1 plasmid that

are not found in R27?

The two plasmids were isolated more than 20 years apart. The comparison suggests
that there have been several independent acquisition events that are responsible for

Kthe multiple drug resistance seen in the more modern S. typhi plasmid. /
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Appendices

Exercise 2

6 the previous exercise you used BLASTN to generate a comparison file for two \
relatively small sequences (>500,000 kb). In the next exercise we are going to use
another program from NCBI BLAST distribution, megablast, that can be used for
nucleotide sequence alignment searches, i.e. DNA-DNA comparisons. If you are
comparing large sequences such as whole genomes of several Mb, the blastall program
is not suitable. The BLAST algorithms will struggle with large DNA sequences and
therefore the processing time to generate a comparison file will increase dramatically.

megablast uses a different algorithm to BLAST which is not as stringent which
therefore makes the program faster. This means that it is possible to generate
comparison files for genome sequences in a matter of seconds rather than minutes and
hours.

There are some drawbacks to using this program. Firstly, only DNA-DNA alignments
(BLASTN) can be performed using megablast, rather than translated DNA-DNA
alignments (TBLASTX) as can be using blastall. Secondly as the algorithm used is not
as stringent, megablast is suited to comparing sequences with high levels of similarity
such as genomes from the same or very closely related species.

In this exercise you are going to download two Staphylococcus aureus genome
sequences from the EBI genomes web page and use Artemis to write out the FASTA
format DNA sequences for both as before in Exercise 1. These two FASTA format
sequences will then be compared using megablast to identify regions of DNA-DNA
similarity and write out an ACT readable comparison file.

The genomes that have been chosen for this comparison are from a hospital-acquired
methicillin resistant S. aureus (MRSA) strain N315 (BA000018), and a community-

{cquired MRSA strain MW2 (BA000033). /
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Appendices

Downloading the S. aureus genomic sequences

Go to the EBI genomes web page (http://www.ebi.ac.uk/genomes) as before in
Exercise 2, and click on the Bacteria hyperlink

X|.Gi Pages - Bacteria - Mozilla

8066

% File Edit View Go

Bookmarks Tools Window Help

Back  Forward  Reload  Stop I

8} http:/fwwan.ebi.ac.uk/genomes/bacteriahtml

/| z2_search ﬁt

i {ﬁHome‘ W Bookmarks ¢ Google 2 Entrez-PubMed g Pfam: Pfam Y 4 o Kyoto Enc

BL-EBI

(1§ Nucleotide sequences v|fold

uropean Bioinformatics Institute

EBI Home

About EBI

Genomes Pages

[CENLINTEN Bacteria

188 organisms.

Research Services Toolbox Databases Downloads Submissions

Site Database
map EBl queries

Scroll down the

el page to the

Staphylococcus

ml aureus genomes

« Archaea Accession numbers of all the entries listed below may be downloaded as a text file for use in do ing using the Sequence Version Archive,
* Bacteria s
equence
* Eukaryota Description ""'('3;’)' - Proteins
- Organelle Pain  [HTML
- Phage Acinetobacter sp. ADP1 {Description
- Eed 1| Acinetobacter sp. ADP1 3,598,621 | CRS43861 [ CR543861 [ Proteome
 Viroid Agrobacterium tumefaciens
© Virus Agrobacterium tumefaciens str. C58 (Cereon) chromosome (circular) (254 parts in
ks 2a a CON entry) 2,541,581 | RED07869 | AE007E63
B o é%rlglbeaﬁttrerium tumefaciens sir. C58 (Cereon) chromosome (inear) (187 pans in @ | 5 24 265 | Ap007870 | AE007870
- Integrs (pre : . . .
Agrobacterium tumefaciens str. C58 (U. Washington) chromasame (circular)

* Karyn's Genomes 2C | (256 parts in a CON entry) 2,841,430 | AEDDB68S | AE00SEEE
* Fastad Server agrobacterium tumefaciens str. C58 (U. Washington) chromosome (linear)

2d (187 parts in a CON entry) 2,075,560 | AE008689 | AE008653

Anaplasma marginale
3 | Anaplasma marginale sir St Maries | 1,197,687 | 2000030 | CPO00030 | Proteome
Aguifex aeolicus
4 | Aguifex aeolicus VFS (109 parts in a CON eniry) | 1,551,335 | AE0006S7 | AE0006ST | Proteome

Azoarcus sp. EbN1

T T

/

ﬁ%lﬂ\,&@lcﬂlDone

X Genomes Pages - Bacteria - Mozilla

o=

8066

File  Edit

View Go Bookmarks Tools Window Help

-

Back

3; I!}] http:/fwnani.ebi.ac.uk/genomessbacteria. html

7 Fom;wd " Reload Stop

_/l&Search IL;;‘m v

# 4} Home | WpBookmarks 2 Google 2 Entrez-PubMed ¢ Pfam: Pfam keyword .. ¢ Genomes 4 Kyoto Encyclopedia ..

133 lShewaneIIa oneidensis MR-1 {457 parts in a CON entry)

4,969,803 ‘AEI]MZQQ ‘AEUMZSS [ Proteame

Shigella flexneri

134 | Shigella flexneri 2a str. 301 4,607,203 | AEODS674 | AE0OSE74 Proteome

135 | Shigella flexneri 2a str. 2457T (16 parts in a CON entry) 4,599,354 | AE014073 | AE014073 Proteome
Silicibacter pomeroyi

136 l Silicibacter pomeroyi DS5-3 l 4,109,442 ‘ CPO00031 ‘ CP000031 l nfa

Sinarhizobium meliloti

137 lSinurhizobium meliloti 1021 {12 parts in a CON entry)

3,654,135 |m.591sas |AL591sas [ Proteome

Staphylococcus aureus

138 | Staphylococcus aureus subsp. aureus COL 2,809,422 | CPO00046 | CPO00046 nfa
139 | Staphylococcus aureus subsp. aureus MRSA252 2,902,619 | BXS71856 | BXS571856 Proteome
140 | Staphylococcus aureus subsp. aureus MSSA476 2,799,602 | BXS71857 | BXS571857 Proteome
141 | Staphylococcus aureus subsp. aureus MW2 2,520,462 | BA000033 | BADDDO33 Proteome
142 | Staphylococcus aureus subsp. aureus MuS0 2,578,529 | BA000017 | BADDOO17 Proteome
143 | Staphylococcus aureus subsp. aureus N315 M BA000018 | BADD0DO1S Proteome
Press the Shift key and left ¢ 2,499,279 | 4E015%29 | AE015929 | Proteome
. 5 2,616,530 | CR000029 | CPO00023 nfa
Click on the S. aureus K Steniococcus agaatie
N3 1 5 accession number 6 | Streptococcus agalactiae 2603Y/R (100 parts in a CON entry) 2,160,267 | AE009948 | AE009948 Proteome J
Streptococcus agalactiae NEM316 (14 parts in a CON entry) 2,211,485 | AL732656 | AL732656 Proteome

hyperlink (BA000018) in
the Plain Sequence column

Streptococcus mutans

i lSﬂ'emOCOCCUS mutans UA153 (185 parts in a CON entry)

2,030,921 |BE014133 | AEQ14133 |  Proteome

Streptococcus pneumaoniae

. 3 | Streptococcus pneumoniae RB (184 parts in a CON entry) 2,038,615 | AE0OT7317 | AEDO7317 Proteome
l150 Streptococcus pneumoniae TIGR4 (194 parts in a CON entry) 2,160,837 | RED0S672 | AE0DDS672 Proteome /
[ =

H & 2 @ @ |
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Appendices

Save the EMBL sequence
S BT in a suitable directo
Look in: | /BLAST_Appendix ry
N e T &l For example:
HCM1.d 221807 01/22/2004 10:44:21 AM b
;’:HCMl.d::.nhr 72 01/22/2004 10:44:23 AM BLAST_AppendIX
pHCML1.dna.nin 88 01/22/2004 10:44:25 AM
pHCML1.dna.nsq 54542 01/22/2004 10:44:27 AM

pHCM1.embl 604646 01/22/2004 10:44:10 AM
pHCM1_vs_pR27 16313 01/22/2004 10:44:29 AM
pR27.dna 183480 01/22/2004 10:44:17 AM
pR27.embl 469177 01/22/2004 10:44:12 AM

File name: N315.embl
Files of type: | All Files (*)
] Show hidden files and directories

T

Save the file as N315.embl

Repeat for the S. aureus MW2 genome (BA000033). Be careful when choosing the
genome to download as there is another S. aureus genome entry for strain Mu50
(BA000017). Save as MW2.embl.

Generate DNA files in FASTA format using Artemis for both the genome sequences as
previously done in exercise 1.

(Hint: In Artemis (each genome requires a separate Artemis window), select Write,
Write All Bases, FASTA format).

Save the DNA sequences as N315.dna and MW2.dna for the respective genomes.

Running Blast

fIn the previous exercise you used the blastall program to run BLASTN on two plasmid\
sequences. As the genome sequences are larger (~2.8 Mb) you are going to run
megablast, another program from the NCBI BLAST distribution that can generate
comparison files in a format that ACT can read (see Appendix II). For a detailed
description of the uses and options in megablast see the megablast README file in

\the BLAST software directory (Appendix X). J

[ As before you will run the program from the command line in an Xterminal window. }

Like BLAST, megablast requires that one sequence is designated as a database
sequence and the other the query sequence. Therefore one of the sequences has to be
formatted so that Blast recognises it as a database sequence. This can be done as
before using formatdb.
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We will treat N315.dna as the
database sequence and MW2.dna At the Command Prompt type:
as the query sequence formatdb —i N315.dna —p F

Press Return

v a=ig.3
File Edit View Terminal Go Help
$: formatdb —i N315.dna —p F [#]
—p designates the sequence type:
[ —i designates the input DNA is F (protein would be T) L
sequence: N315.dna

Now we can run the megablast on the two MRSA genome sequences. The default output
format is one line per entry that ACT can read, therefore there is no need to add an
additional flag (i.e. -m 8) to the command line (see appendix II).

At the Command Prompt type:
megablast —d N315.dna —i MW2.dna —o0 N315_vs MW2

Press Return

N315 vs MW2

\ - 0%
& Edit View Terminal Go Help

$: megablast —d N315.dna —i MW2.dna —o N315_vs_MW2 =

T~

—d designates the database J —i designates the query

[ megablast is the program } [ —o0 designates the output ﬁle:}

sequence: N315.dna sequence: MW2.dna

L =
21-
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The N315_vs MW2 comparison file can now be read into ACT along
with the N315.embl and MW2.embl (or N315.dna and MW2.dna)
sequence files.

A ACT: N315.embl vs MW2.embl

File Entries Select View Goto Edit Create Write Run Graph Display
i
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A comparison of the N315 and MW2 genomes in ACT using the megablast
comparison reveals a high level of synteny (conserved gene order). This is

perhaps not unsurprising as both genomes belong to strains of the same species.

Using results of comparisons like these it is possible to identify genomic
differences that may contribute to the biology of the bacteria and also
investigate mechanisms of evolution.

Both N315 and MW2 are MRSA, however N315 is associated with disease in
hospitals, and MW?2 causes disease in the community and is more invasive.
Scroll rightward in both genomes to find the first large region of difference.
Examine the annotation for the genes in these regions. What are the encoded

functions associated with these regions? What significance does this have for the

evolution of methicillin resistance in these two S. aureus strains from clinicall

\distinct origins?

~

%
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ﬁppendix VI — Generating Artemis comparison files using \
WebACT

Introduction

If you do not have access to BLAST software running on a local computer, there is a web
resource WebACT (Appendix VII for the URL) that can be used for generating ACT
comparison files. WebACT allows you to cut and paste, or upload, your own sequences, and
generate ACT readable BLASTN or TBLASTX comparison files. WebACT also has a large
selection of recomputed comparison files for bacterial genomes, which can be downloaded
along with the EMBL sequence entries and viewed in ACT.

For the purposes of this exercise we are going to focus on the Gram-negative bacterial
pathogens Burkholderia pseudomallei and Burkholderia mallei. Both of these organisms are
category B bio-threat agents and cause the diseases Melioidosis and Glanders respectively.
The two species are closely related (DNA-DNA identity is >99%, multi locus sequence typing
(MLST) predicts that B. mallei is a clone of B. pseudomallei), however they differ markedly
in the environmental niches that they occupy.

B. pseudomallei is found in S.E. Asia and northern Australia, and is prevalent in the soil in
Melioidosis endemic areas. Inhalation, or direct contact with cuts or breaks in the skin, by
soil-borne B. pseudomallei is the cause of Melioidosis in humans and higher mammals. In
contrast, B. mallei is a zoonotic pathogen that is host restricted to horses and cannot be
isolated from the environment. Comparative genomic analysis has provided insights into
evolution of these two pathogens and the genetic basis for ecological and pathological
differences of these two pathogens.

The genomes of these two organisms both consist of two circular chromosomes. Comparisons
of the genomes reveals that the genome of B. pseudomallei is ~1.31 Mb larger than that of B.
mallei; 16% of chromosome 1, and 32% of chromosome 2, are unique in B. pseudomallei with
respect to B. mallei.

Aim

You are going to use a web resource, WebACT, to generate a comparison file of the smaller
chromosomes of B. pseudomallei and B. mallei. From the WebACT site you will download a
pre-computed ACT comparison comparison file, along with the appropriate EMBL sequence
and annotation files, which you will then open in ACT. Using this comparison you can then
investigate some of the the genotypic differences that differentiate these closely related

\pathogens, and look for the basis of structural differences in these chromosomes. We have not/

provided files for this exercise - you are on your own.
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Open up a web browser and go to the URL: www.webact.org

Artemis [Running]

S M ® o) 2044 2 I

WebACT - Home - Mozilla Firefox
&, WebACT-Home

e 2

k Pre-computed

webact.org MISIRE: B Q @

Generate Y Reload Y _Instructions ) ‘

= WebACT

WebACT provides a database of sequence comparisons between all publi®™eguailable
prokaryotic genome sequences, allowing the on-line visualisation of comparisons betw

to five genomic sequences, using the Artemis Comparison Tool (ACT) developed by th
Sanger Institute

Sequence comparisons can also be generated ‘on the fly' for up to five user-entered
sequences, by either uploading sequences, or querying public databases using sequence
identifiers

All pre-computed and user-generated comparisons can be viewed on-line using a webstart

Click on the Pre-computed
tab.

version of ACT or can be downloaded

WebACT currently contains 671 sequences from 273 species representing
a total of 225456 comparisons.

Department of
Infectious Disease Epidemiology

WebAct has been developed and is hosted at
ACT is developed and maintained by the Sanger Centre Pathogen Sequencing Unit

~

The ‘Pre-computed’ page
contains genomic sequences
that have been compared
using BLASTN to each other.
By selecting the desired
sequences from the sequence
lists, the appropriate sequence
and comparison files can be
downloaded

/

In addition to the chromosome
sequences, plasmids can also
be displayed by clicking in this
box

WebACT Prebuilt Comparison: Select Sequences - Mo
&, WebACT Prebuilt Comparison:...

&

JPP @ GRlLeft

Artemis [Running]

ST ® o) 2045 2 %

WebACT can display pairwise

webact.org

comparison between up to 5

kPre-computedY Generate | Reload

Y 1nd

v

J

sequences. Click here if you
want to increase the number
9 from the default of 2.

= WebACT

~

How many sequences do you wish to compare? (2 2

WebACT | Select Sequences Contact us

Show plasmid sequencegg,

Please select your uences from the lists below

Sequence 1

Sequence 2 -

Next

71
&

BLULTPEL GBLeftre ,
24-



You are going to compare the smaller chromosomes of B. pseudomallei and B. mallei.

Artemis [Running]
WebACT Prebuilt Comparison: Select Sequences - Mo
&, WebACT Prebuilt Comparison:...

e - (&

S0

webact.org ISIREL B

2050 2 3%

(\A

k Pre-computed Y Generate

Y

Reload

Y

Instructions )

| In the Sequence 1 list select

Burkholderia pseudomallei

chromosome 2 (accession
A number BX571966)
“ WebACT
WebACT | Select Sequences Contacyfs
How many sequences do you wish to compare? |2 2
Show plasmid sequences?
Please select your sequences from the lists below In the sequence 2 hSt select
Sequence 1 - . .
Burkholderia mallei
DR ot oo oo T ) . chromosome 2 (accession
83)
&) - || number CP000011)
Burk A
B
Burk
Burk’ eria mallei (stra mosome L (CPOO 4 =
Next ) g Once you have selected the
sequences click the Next button
QULOLPAD G BLefr®

Artemis [Running]
WebACT Prebuilt Comparison: Select Regions - Mozill
& WebACT Prebuilt Comparison:...

¢ - (&

TN

MICIRE: B

webact.org

20:51 & %

Ql @

kPre-computed Y Generate Y Reload Y Instructions )

i)
WebACT
WebACT | Select Sequences | Select Region Contac|

Do you wish to...

@ Set the same range for all sequences?

Set a different range for each sequence?

Select the sequence range to display

2 sequences selected

@® Full sequence

Browse) .4 50000

In this window you can specify \
the regions in the selected

sequences to generate the
comparison over. It is possible to
query the sequences on gene name
or coordinates. The default setting
is for the whole sequence, and this
1s what we want for this exercise
as you are going to compare the
whole chromosomes.

gene name - bp of
flanking sequence
From:(1 To:(100099 Click the Next button
Back ) Next | ==
e

=)
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Artemis [Running]

WebACT: Results - Mozilla Firefox = 13 0) 2055 & %

& WebACT: Results
& & webact.org v & |- Q @

kPre-compuLed Y Generate Y  Reload Y Instructions ) |

fIn the Overview of Selection\
you can see a schematic
representation of the relative

=2 WebACT

WebACT | Select Sequences | Select Region | Results Contact us .
. size of the two sequence that
esults
_ _ _ have been chosen to be
Overview of Selection (Mouse over for sequence details)
/ \compared. j
BX571966
CPO00011
View Comparison - The Expect (E) value cut-off

can be changed in this box.
The default value is 0.01, but
the range is from 10.0 to
0.0001.

If your browser asks you either Open or Save a .jnlp file, \
select 'Open’ to view the comparison

ODEH overview in separate window ]

Show hits outside selected sequence

&
Selecte-value cut-off: (001 2| <N

)

Start ACT | Download files )<«

\ Click the Download files button
Back

Lln addition to downloading the comparison files and sequence file it is

also possible to view the comparison in a webstart version of ACT.
This will run locally on your machine and does not require ACT to be
previously loaded, as a webstart version of ACT will be included in
the download. You are not going to use this option in this exercise.

The comparison file and sequences files will contained in a folder. For the ease of
downloading the folder is zipped.

M ®E webACT: Download - Mozilla Firefox

& webact.org

In the filename box you can type
the file name of the zip file
WebACT Comparison containing the sequence and

gl . .
Download files - J comparison files. For this
Enter filename: [Burk_chr2_complzip ‘ exercise call the file:

Burk _chr2_comp.zip

Include data for offline use: &

Download files ) Close |

—

Click the Download files button
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i t“% WebACT

WebACT - Download
The download of your data should begin shortly

Ifthe download does not start automatically, click this link

You can upload this session again at a later date by selecting the ‘Upload’ tab

© oOpening Burk_chr2_comp.zip

Close )

You have chosen to open

Burk_chr2_comp.zip

whichis a: Zip archive
from: http://www.webact.org
i What should Firefox do with this file?
Openwith | Archive er (default)

@|saveFile

Do this automatically for files like this from now on.

Cancel

Y o

Downloads

OK

Clear List Q

You may get a window
appearing asking you what
Firefox should do with the
Burk chr2comp.zip file?
Save the file to disk.

Click the OK button

(Burk_chrZ_comp.zip should now be in
Lthe Downloads directory

To unzip the file, double click with the
left mouse button on the file name

Click the Extract button

Y o)

Burk_chr2_comp.zip

B B open v [ extract

f—
- W X

Select a location to extract the files to, such as Desktop

@ Location: |[i/

Name v | Size Type Date Modified
comparison1_BX571966_vs_C... 28.5kB unknown 13 November 2011...
README.Ext 413 bytes plaintextd... 13 November 2011...
sequence1_BX571966.embl 7.2MB unknown 13 November 2011...
sequence2_CP000011.embl 6.0 MB unknown 13 November 2011...
session.webact 800 bytes unknown 13 November 2011...
WebACT_Comparison.jnlp 1.2kB JNLP file 13 November 2011...

6 objects (13.3 MB)

~

The files contained in the unzipped
directory should include:
comparisonl BX571966 vs CP0000
11, sequencel BX571966.embl and
sequence2 CP000011.embl. These are
the ACT comparison file and the B.
pseudomalllei and B. mallei
chromosome 2 EMBL annotation and

Places me
Q search

— File System
i Documents
i Music

I Pictures
i@ videos

&4 Downloads

Extract
@ Allfiles

Files:

Help

Create Folder

v | Size Modified
Actions
[ Re-create folders
& overwrite existing files
Do not extract older files
Cancel Extract

sequence files respectively.

J
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Open up ACT, and load up the comparison (comparisonl BX571966 vs CP000011) along
with the two EMBL sequence and annotation files (sequencel BX571966.embl and
sequence2 CP000011.embl). If you get a warnings window asking if you want to read

warning, click No.

Use the right click on
your mouse and select
score cutoff window.
Move the slider to
screen out hits below
2000

®en6 ACT: sequencel_BX571966.embl vs sequence2_CP000011.embl

File Entries Select View Goto Edit Create Write Run Graph Display

(=]

Eﬁmﬁml (| ||||| : Iﬂl I|||III|I l> |I|I|L I||I

| 1 ,I || Il IQ.IIIII ||IIII@ T T TT m m
|80 lr600 |_4oo |3200 l4000 |4800 |6400 |7200

L III||| | «;- ____ m-. l@%@d”lllllhlllllu I IIII\ ||||II I| IMM_IIII ,” 3

® © O  Score Cutoffs

fMinimum Cutoff: 2000

(=)

faximum Cutoff: 59845

( Reset ) ( close

Move the slider to 200 to
show only BLASTN
matches greater than 200

LR A I | _ | =T
III fl III I|IIII I Il IIIII III | I ! III@III[I IIII[I? (LAl II> IIIIII "m
|800 Lsoo [2400 |_zoo [4000 [4800 |5600 |6400 [7200
(il 1 || |1 [ @?@ (AR IR | [ @'M
fII”AI If|I W | | II|I \ ||| III | I'II I|||I| I,\III ’I 1 HII I

Now remove the stop codons for both entries, and then zoom out you will see the overall
conservation of the structure of the small chromosomes is poor.

ACT: sequencel_BX571966.embl vs sequence2_CP000011.embl

ntries Select View Goto Edit Create Write Run Graph Display
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/l’ you were to look at the comparison for

the large chromosomes you would see a\
similar picture. The lack of conservation

is the result of intra-chromosomal
rearrangements. What do you think

caused this? Zoom into the regions on the
edge of the rearranged matches and look

at the annotation in the B. mallei
chromosome.

What is the function of the CDSs
consistently found in these regions. Are
there matches in the B. pseudomallei
chromosome?

Try selecting CDSs in B. pseudomallei
that match these regions and look how
many matches there are in B. mallei. Are
these regions repeated throughout the

chromosome? /




mf you have time, you may want to generate, and view in ACT, comparisons for your own \
sequences. If you do not have any loaded on your workshop computer, why not try and
download some. Sequence in various formats can be cut and pasted, or up loaded onto the
WebACT site. In addition, if you know the accession number of the sequence that you want to
compare, you can use that. As the web site will have to run BLAST to generate your
comparison file, you may want to limit the size of the sequence that you submit for this
Qxercise to <100 kb. The the web site can handle larger sequences, but it will just take longer. j

Artemis [Running]

WebACT: Enter Query - Mozilla Firefox 0 0
- Clicking on the
&y WebACT: Enter Query . , )
. —— Generate tab will take
= & webact.org B )
P Pre-computed | Generate %aa f Instructions you tO thls page

Number of sequences to compare

< WebACT
WebACT | Enter Query Contact us
How many sequences to you wish to compare? (2 2

Send e-mail notification on job completion?

Cut and paste sequence

e-mail address

For each sequence below, please either paste a sequence, upload a sequence file or enter an
number i.e. NTCAD19MR

BL or Refseq Accession

Sequence 1 -

@ Paste sequence (raw, EMBL or FASTA format)

Upload file
Upload File (raw, EMBL or FASTA format)
Browse...
Enter an EMBL or Refseq Accession number <«
Sequence 2 - Type accession number
@ paste sequence (raw, EMBL or FASTAformat)

Upload File (raw, EMBL or FASTA format) f \

Click here for BLAST

Enter an EMBL or Refseq Accession number options, such as changing
from the default BlastN to
TBlastX, and altering the

Submit) Clear BLAST cutofts

~_ . y ~

SOULF @I B[ Left 3

Blast Search Options [show] <+

Once you added the relevant sequence
information, submit your query. The comparison
file or files are down loaded as shown in the
example, and can them be loaded in to ACT.
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Appendix VII: Useful Web addresses

Major Public Sequence Repositories
DNA Data Bank of Japan (DDBJ)
EMBL Nucleotide Sequence Database
Genomes at the EBI

GenBank

Microbial Genome Databases Resources
Sanger Microbial Genomes

GeneDB

Institute Pasteur GenoList databases
Including: SubtiList, Colbri, Tuberculist,
Leproma, PyloriGene, MypulList, ListiList,
CandidaDB.

Pseudomonas Genome Database

Clusters of Orthologous Groups of proteins (COGs)

ScoDB (S. coelicolor database)
GenProtEC

Protein Motif Databases
Prosite

Pfam

BLOCKS

InterPro

PRINTS

SMART

Protein feature prediction tools

TMHMM Transmembrane helices prediction
SignalP Prediction Server

PSORT protein prediction

Metabolic Pathways and Cellular Regulation
EcoCyc
ENZYME

http://www.ddbj.nig.ac.jp
http://www.ebi.ac.uk/embl
http://www.ebi.ac.uk/genomes

http://www.ncbi.nih.gov/Genbank

http://www .sanger.ac.uk/Projects/Pathogens

http://www.genedb.org
http://genolist.pasteur.fr

http://www.pseudomonas.com

http://www.ncbi.nlm.nih.gov/COG

http://streptomyces.org.uk
http://genprotec.mbl.edu

http://www.expasy.ch/prosite/
http://pfam.sanger.ac.uk
http://blocks.thcre.org
http://www.ebi.ac.uk/interpro/

http://umber.sbs.man.ac.uk/dbbrowser/PRINTS/

http://smart.embl-heidelberg.de

http://www.cbs.dtu.dk/servicess TMHMM-2.0/
http://www.cbs.dtu.dk/services/SignalP/
http://psort.ims.u-tokyo.ac.jp/form.html

http://ecocyc.org/
http://www.expasy.ch/enzyme/

Kyoto Encyclopedia of Genes and Genomes (KEGG)http://www.genome.ad.jp/kegg

MetaCyc

Miscellaneous sites

NCBI BLAST website

EBI FASTA website

The tmRNA website
tRNAscan-SE Search Server
Rfam

Codon usage database

GO Gene Ontology Consortium
Artemis homepage

ACT homepage

WebACT

Double ACT

Glimmer

EasyGene

String

EMBOSS

http://metacyc.org/

http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ebi.ac.uk/fasta33/index.html

http://www.indiana.edu/~tmrna/

http://selab.janelia.org/tRNAscan-SE/

http://rfam.sanger.ac.uk/
http://www kazusa.or.jp/codon/
http://www.geneontology.org/

http://www.sanger.ac.uk/Software/Artemis/
http://www.sanger.ac.uk/Software/ACT/
http://www.webact.org/WebACT/home

http://www.hpa-bioinfotools.org.uk/pise/double act.html

http://cbcb.umd.edu/software/glimmer/
http://www.cbs.dtu.dk/services/EasyGene/

http://string.embl.de
http://emboss.sourceforge.net/
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Appendix VIII: Prokaryotic Protein Classification Scheme used within the PSU

This scheme was adapted for in-house use from the Monica Riley’ s protein classification

(http://genprotec.mbl.edu/files/Multifun.html).

More classes can be added depending on the microorganism that is being annotated (e.g secondary metabolites,

sigma factors (ECF or non-ECF), etc).

0.0.0 Unknown function, no known homologs
0.0.1 Conserved in Escherichia coli
0.0.2 Conserved in organism other than Escherichia coli
1.0.0 Cell processes
1.1.1 Chemotaxis and mobility
1.2.1 Chromosome replication
1.3.1 Chaperones
1.4.0 Protection responses
1.4.1 Cell killing
1.4.2 Detoxification
1.4.3 Drug/analog sensitivity
1.4.4 Radiation sensitivity
1.5.0 Transport/binding proteins
1.5.1 Amino acids and amines
1.5.2 Cations
1.5.3 Carbohydrates, organic acids and alcohols
1.5.4 Anions
1.5.5 Other
1.6.0 Adaptation
1.6.1 Adaptations, atypical conditions
1.6.2 Osmotic adaptation
1.6.3 Fe storage
1.7.1 Cell division
2.0.0 Macromolecule metabolism
2.1.0 Macromolecule degradation
2.1.1 Degradation of DNA
2.1.2 Degradation of RNA
2.2.0 Macromolecule synthesis, modification
2.2.01 Amino acyl tRNA synthesis; tRNA modification
2.2.02 Basic proteins - synthesis, modification
2.2.03 DNA - replication, repair, restriction./modification
2.2.04 Glycoprotein
2.2.05 Lipopolysaccharide
2.2.06 Lipoprotein
3.0.0 Metabolism of small molecules
3.1.0 Amino acid biosynthesis

3.1.01 Alanine 3.1.08 Glutamine

2.1.3 Degradation of polysaccharides
2.1.4 Degradation of proteins, peptides, glycoproteins

2.2.07 Phospholipids

2.2.08 Polysaccharides - (cytoplasmic)

2.2.09 Protein modification

2.2.10 Proteins - translation and modification
2.2.11 RNA synthesis, modif., DNA transcrip.
2.2.12 tRNA

3.1.02 Arginine
3.1.03 Asparagine
3.1.04 Aspartate
3.1.05 Chorismate
3.1.06 Cysteine
3.1.07 Glutamate

3.1.15 Phenylalanine
3.1.16 Proline
3.1.17 Serine

3.1.09 Glycine

3.1.10 Histidine

3.1.11 Isoleucine3.1.18 Threonine
3.1.12 Leucine

3.1.13 Lysine

3.1.14 Methionine

3.1.19 Tryptophan
3.1.20 Tyrosine
3.1.21 Valine
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Appendix VIII (cont):

3.2.0 Biosynthesis of cofactors, carriers

3.2.01 Acyl carrier protein (ACP)
3.2.02 Biotin

3.2.03 Cobalamin

3.2.04 Enterochelin

3.2.05 Folic acid

3.2.06 Heme, porphyrin

3.2.07 Lipoate

3.2.08 Menaquinone, ubiquinone

3.3.0 Central intermediary metabolism

3.3.01 2'-Deoxyribonucleotide metabolism
3.3.02 Amino sugars

3.3.03 Entner-Douderoff

3.3.04 Gluconeogenesis

3.3.05 Glyoxylate bypass

3.3.06 Incorporation metal ions

3.3.07 Misc. glucose metabolism

3.3.08 Misc. glycerol metabolism

3.3.09 Non-oxidative branch, pentose pathway
3.3.10 Nucleotide hydrolysis

3.3.21 other

3.4.0 Degradation of small molecules

3.4.1 Amines
3.4.2 Amino acids
3.4.3 Carbon compounds

3.5.0 Energy metabolism, carbon

3.5.1 Aerobic respiration
3.5.2 Anaerobic respiration
3.5.3 Electron transport
3.5.4 Fermentation

3.6.0 Fatty acid biosynthesis

3.2.09 Molybdopterin

3.2.10 Pantothenate

3.2.11 Pyridine nucleotide

3.2.12 Pyridoxine

3.2.13 Riboflavin

3.2.14 Thiamin

3.2.15 Thioredoxin, glutaredoxin, glutathione
3.2.16 biotin carboxyl carrier protein (BCCP)

3.3.11 Nucleotide interconversions

3.3.12 Oligosaccharides

3.3.13 Phosphorus compounds

3.3.14 Polyamine biosynthesis

3.3.15 Pool, multipurpose conversions of intermed. metab.
3.3.16 S-adenosyl methionine

3.3.17 Salvage of nucleosides and nucleotides

3.3.18 Sugar-nucleotide biosynthesis, conversions

3.3.19 Sulfur metabolism

3.3.20 Amino acids

3.4.4 Fatty acids
3.4.5 Other
3.4.0 ATP-proton motive force

3.5.5 Glycolysis

3.5.6 Oxidative branch, pentose pathway
3.5.7 Pyruvate dehydrogenase

3.5.8 TCA cycle

3.6.1 Fatty acid and phosphatidic acid biosynthesis

3.7.0 Nucleotide biosynthesis

3.7.1 Purine ribonucleotide biosynthesis

4.0.0 Cell envelop

4.1.0 Periplasmic/exported/lipoproteins
4.1.1 Inner membrane
4.1.2 Murein sacculus, peptidoglycan

4.2.0 Ribosome constituents

4.2.1 Ribosomal and stable RNAs

3.7.2 Pyrimidine ribonucleotide biosynthesis
4.1.3 Outer membrane constituents
4.1.4 Surface polysaccharides & antigens

4.1.5 Surface structures

4.2.3 Ribosomes - maturation and modification

4.2.2 Ribosomal proteins - synthesis, modification

5.0.0 Extrachromosomal
5.1.0 Laterally acquired elements
5.1.1 Colicin-related functions 5.1.3 Plasmid-related functions
5.1.2 Phage-related functions and prophages 5.1.4 Transposon-related functions
5.1.5 Pathogenicity island-related function
6.0.0 Global functions
6.1.1 Global regulatory functions
7.0.0 Not classified (included putative assignments)
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Appendix IX: List of colour codes

0 (white) - Pathogenicity/Adaptation/Chaperones
1 (dark grey) - energy metabolism (glycolysis, electron transport etc.)
2 (red) - Information transfer (transcription/translation + DNA/RNA
modification)
3 (dark green) - Surface (IM, OM, secreted, surface structures
4 (dark blue) - Stable RNA
(Sky blue) - Degradation of large molecules
6 (dark pink) - Degradation of small molecules
(yellow) - Central/intermediary/miscellaneous metabolism
(light green) - Unknown
(light blue) - Regulators
(orange) - Conserved hypo
11 (brown) - Pseudogenes and partial genes (remnants)
(light pink) - Phage/IS elements
(light grey) - Some misc. information e.g. Prosite, but no function

Appendix X: List of degenerate nucleotide value/IUB Base Codes.

R=Aor G
S=GorC
B=C,GorT
Y=CorT
W=AorT
D=A,GorT
K=GorT
N=A,C,GorT
H=A,CorT
M=AorC
V=A,CorG
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Appendix X - Assembly

Here we present the solution for the de Bruijn graph exercise, as well as the code for the
PERL scripts we mentioned in the assembly module.

The exercise is on page 2 of the assembly module. The first step of the solution would be to
generate all the k-mers from the reads. For example the k-mers of length 5 for the read
GCGAGC are GCGAG and CGAGC. Those two k-mers will be nodes in the de Bruijn
graph, and moreover, will be connected (bold red edge). Doing this for all the reads,

generates the following graph:
ATCAG
TGATC GATCA
GTGAT
TCAGC
CAGCG
GGTGA
AGCTG
CTGGT AGCGA
N\ CGAGC
GAGCT -~
TGGTG GCTGG GCGAG
It is not always easy and might be confusing [
which node to connect. Remember, the AGCTGG
concept of k-mers and the de Bruijn graph b(é_ll_gg:l[e
are needed to be able to process the large TGGTIGA..
amount of short reads generated by the G‘;GTGATE
sequencing machines. G_T_gﬁ¥8 A
GAILCAG...
The graph can also be represented as a ATCGAGC!
multiple alignment, as shown on the right Tgﬁggg’ A
hand site. All reads are aligned against each AGCGAG
other. The dotted boxes are examples of k- Gggﬁ\gg_r
ers: GAGCTG
Now just follow the path thought the graph. Starting at the arrow, the first k-mer is GAGCT, so
this would be the start of our contig. The graph indicates the next k-mer AGCTG. So we add a G
to the contig. The next k-mer is GCTGG. The new letter is another G. Doing this for the whole

graph, we get: GAGCTGGTGATCAGC. As you see, the graph is circular. So depending where
you start, you get a different contig! If you do a six frame translation, you might see which is a
good starting point for the contig.
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PERL: Find read pairs that map too far apart

gor some applications it would be useful to know whether read pairs map too far apart or Whether\
they don’ t map pointing to each other. This could be an indication of mis-assemblies, but also
duplications or rearrangements, which are are looking for when comparing sequences of different
strains.

To find read pairs (RPs) that map too far apart we just need columns 2 and 9 from the BAM file
(mapping flag and insert size), and a PERL one-liner. We successively make the query more and
more complex, until we find the mis-assembly. Please keep in mind that this is advanced
@gramming! It should give you an idea how useful programming could be. /

Assuming your BAM file is called IT onDenovo.bam and you want to list RPs that map more
than 2000bp apart:

$ samtools view IT onDenovo.bam | perl -nle 'my
($Sread,$flag, Sref, Spos, SmappingQual, Scigar, SmateRef, SmatePos, $SinsertSize, $seq, $
seqQual, $other)=split(/\t/); if($SinsertSize>2000){print}' | head

Here is also a shorter version, using an array (not as readable):

$ samtools view IT onDenovo.bam | perl -nle 'my @ar=split(/\t/);
if($ar[8]>2000){print}' | head

There is a lot of output. Many read pairs map all over the place. We would like to bin those into
chunks of 1kb, and then list of the most abundant:

$ samtools view IT onDenovo.bam | perl -nle 'my

(Sread, $flag, $Sref, Spos, SmappingQual, $Scigar, $SmateRef, $SmatePos,$insertSize, $seq, $
seqgQual, $other)=split(/\t/); if($insertSize>2000){print
int($pos/1000)."\t".int(SmatePos/1000)}' | sort | uniqg -c | sort -rn | head

This does look more complex! In the output the first column is the number of RPs that connect the
first bin (2" column) with the second bin (3" column). For example 418 1360 1373 means
that 481 RPs connect the region 1360000-1361000 of genome with the regions 1373000-
13731000 of the genome. The list shows us that in the subtelomeric regions many RP map far
apart!

The following command ignores the subtelomeric ends, by excluding 75kb at each end.

$ samtools view IT onDenovo.bam | perl -nle 'my

(Sread,$flag, Sref, Spos, SmappingQual, $cigar, SmateRef, SmatePos, $SinsertSize, $seq, $
seqQual, Sother)=split(/\t/); if(SinsertSize>10000 && $pos>75000 && SmatePos <

1300000) {print int(Spos/1000)."\t".int(SmatePos/1000)}"' | sort | uniqg -c | sort
-nr

The third line 21 81 323 shows us our mis-assembly. What are the other entries?

We are fully aware that is this a quite complex piece of code, and just used as a one liner. It uses the
LINUX commands sort and uniq. But keep in mind that this command canfind you all mate pairs
mapping too far apart for any bam file (if you adjust the insertSize parameter for your data)!

-

35



Getting non mapping reads and their mates

Here is an example of how to get the mates of non mapping reads. It is a good example of
PERL one-liners.

First we are going to get reads that don’t map with PERL. The original command is:
S samtools view -f 0X4 IT.Chr5.bam | head

In PERL this would be:
$ samtools view IT.Chr5.bam | perl -nle 'my
(Sread,s$flag)=split(/\t/); if ($flag & 0x4) {print }’ | head

Now we need to get the reads where the mate is not mapped. Looking at the samtools
manual:

Bit  Description
0x1 template having multiple segments in sequencing
0x2 each segment properly aligned according to the aligner
Ox4 segment unmapped
0x8 next segment in the template unmapped
0x10 SEQ being reverse complemented
0x20 SEQ of the next segment in the template being reversed
0x40 the first segment in the template
0x80 the last segment in the template
0x100 secondary alignment
0x200 not passing quality controls
0x400 PCR or optical duplicate

The 0x8 tells if the mate pair is not mapped. So if the read is not mapping (0x4) or the
mate is not mapping (0x8) then print the sam line into a file:

$ samtools view IT.Chr5.bam | perl -nle 'my
(Sread, $flag)=split(/\t/); if (Sflag & 0x4 or S$flag & 0x8)
{print }' | sort > NonmappingReadsPlusmate.sam

This file can now be used in VELVET for de novo assembly as explained in the Assembly
module.

We hope that this illustrates the power of PERL one-liners!
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Appendix XI Splice site information

Gene

41-3

RhopH3

RNA pol III

SERA

SERP H

Agl5

PfGPx

Calmodulin
PfPK1

MESA
Aldolase
KAHRP
GBPH2

GBP

FIRA

GARP

The splice acceptor and donor sequences for several P. falciparum genes: adapted from

No.

= o U s W N 00NN N W N

H R R R R R R R R N RN R WN R WD R & W N

Exon

Intron Exon

GAA|GTACACA.
AAT |GTTARAA. .
GAG | GTAAGAA. .
TCG | GTATGGA. .
ACT | GTAATAT.
CAG|GTARATA.
AAT | GTACATT.
TAG | GTATTTG.
AGG | GTAATAT.
GGA | GTAAGAG.
GGA | GTAAGAG.
CAG|GTAYGCT.
ARA|GTAAGAA.
AAG | GTAARAG.
CAG | GTACATA.
CAA |GTAATTA.
TAC | GTTAGTT.
ATT | GTAAGTT.
TGT | GTAAGAA.
AAA|GTATAAA.
CAG | GTARATA.
CTG|GTTTGTC.
AGA |GTAAAAA.
CTG|GTTTGTC.
ATG | GTAAGAG.
AAA|GTAATTA.
GAG | GTATACA.
TCG | GTTAGTA.
GAA|GTAAATC.
TAG | GTGTGTT.
TTA | GTAAGTT.
ATG | GTAAGAA.
AAC | GTAAGTT.
TTG | GTATGCC.
TTG | GTATG. . .
TGT | GTAAGGA.
AAG | GTAACAA.

*

Donor motif

.CCTTCTTTTTCCATATTTAG|CAA

.TTTTTTTTTTTAAACTTAG|CCG
.ATTCATTATATATTTATAG|GGA
.TTTTGAAATACTTCCTCAG|TTA

.TTTTTTTTTTTATTTCCTAG|ATG
.ATAATGACATTTTGATACAG|ATT
.TTATTTTTATTTATTTATAG|AAA
.ATATTTTTTACTTATGATAG|TTA
.TTTATTTTATTTTTTTTTTA|TTT
.TTTTTATTATTTTATTGTAG|TCC
.TTTTTATTATTTTATTGTAG|TCC
.TTTAATTTTTTTTTCCTTCA|TCA
.TATTTTTTTACAATTTTTAG|TTC
.TTTTTTTTTTTTTGTTTCAG|TTT
.TTTTTTTTTTTTTTTTTTAG|GTG
.TATATTTTATTTTTTCTTAG|GTT
.TTTTTTTTTTTTTTTTTTAG|TGG
.TATTTTTTTTTTTTTTTTAG|TGA
.TTGTCATTATTTTTTTTTAG|GTG
.TTTATTTATTTTTTTTTTAG|ATA
.TTTTAATTTTTTTGTTTTAG|AAA
.CATATATTTCTTTATTTTAG|ATA
.TTTCTTATATTTTCTTTTAG|GTG
.CATATATTTCTTTATTTTAG|ATA
.TATTTTTGATACCTTTATAG|AGT
.CAATCATATTAACACAAAAG|ATG
.TTATTATTCCCTTGCTTTAG|ATC
.TATTTATCATTTTTTTCCAG|ATG
.TTTTTTATTTTTCTCATTAG|CTA
.TCATTACATTTTTACCTTAG|GAT
.CGTAATATATTTTTTTTTAG|GAT
.TATTTTTATATTTTTTTTAG|GCT
.TTATTTTTTTTTTCATATAG|TGC
.TTTGTATTATTTAATTTTAG|AAT
.TGTGTATTGTTTATTTTTAG|AAT
.TTTTTATATTTTTTCTTTAG|CGA
.TATATGTATTTTTTTTTTAG|TGC

*

Acceptor motif

Size (bp)
152
208
86
152
112
120
81
96
150
442
199
160
206
142
158
113
169
112
158
175
129
345
92
116
214
280
208
168
480
101
122
452
430
157
179
175
214

Coppel and Black(1998). In "Malaria:Parasite Biology, Pathogenesis and Protection", I.W.

Sherman (ed.); ASM Press; Washington DC; pp185-202
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Appendix XII Running Artemis from the Web

To work this Artemis you don’t necessary have to work with it from the VM. It can be
run from the web:
http://www.sanger.ac.uk/resources/software/artemis/

®0o Artemis: Genome Browser - Wellcome Trust Sanger Institute
[ « | = ] oo lhttp://www.sanger.ac.uk/resources/software/artemis/

wellcome trust

sanger

institute

Sq

Research 001 LT Work & study  About us

Mouse Zebrafish Data Databases Technologies Talks & training

Artemis: Genome Browser and Annotation Tool

Artemis is a free genome browser and annotation tool that allows visualisation of sequence features, next generation data and the r
of analyses within the context of the sequence, and also its six-frame translation.

Artemis is written in Java, and is available for UNIX, Macintosh and Windows systems. It can read EMBL and GENBANK database entries or sequence
FASTA, indexed FASTA or raw format. Other sequence features can be in EMBL, GENBANK or GFF format.

Links

ACT - a DNA sequence comparison viewer
DNAPIlotter - makes circular and linear interactive plots
BamView & - interactive display of read alignments in BAM data files

Information B0 114 Download FAQs Chado Courses Contact

The development version and source code for the latest release of Artemis is available:

Java Web Start

launch » , development version
e

FTP download

Artemis for UNIX 3
Artemis for MacOSX & [1]

m.&. - N @

Click on ‘launch’, accept
and wait a bit...

Next you can load
sequence, bam files etc.
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Appendix XIII Exploring the Sequence Read Archive

Exercise

You can acceess the sequence read archive through the following sites:
http://www.ncbi.nlm.nih.gov/sra
http://www.ebi.ac.uk/ena

KIt's possible to download transcriptome data and other next generation sequencing data\
as follows. These instructions are given in the form of an exercise to help make it more
interesting:

Go to the following website: http://www.ebi.ac.uk/ena and type in the search box:
RNA-seq, Plasmodium falciparum
Q\Iow follow the step-by-step instructions to download this data. J

®00 The European Nucleotide Archive
7 http://www.ebi.ac.uk/ena/ 8 gl Q~ Google

1253 All Databases 4 | RNA-seq Plasmodium falciparum Reset (3 Give us
sear& M ul s G0 venced searcn  fecdback

Databases | Tools EBIGroups | Training Industry About Us Help Site Index BN &

> >N >

The European Nucleotide Archive

Documentation coming soon, please refer to documentation relating to assembled sequence and annotation, information on the
Sequence Read Archive (SRA) and the European Nucleotide Archive Team web pages.

EMBL-EBI 31 sg[& All Databases 4 | RNA-seq Plasmodium falciparum Go A;S;ﬁﬂgﬁﬁﬁ e,

EIELERED Tools EBI Groups Training Industry About Us Help site Index [ &
Search for RNA-seq Plasmodium falciparum in All the EBI Clle on ‘Nucleotide
» Expandall v Collapse all Sequencesa
> Genomes 0 » Molecular ons 0
> Nucleotide Sequences 1 » Reactions & Pathways 0
> Protein Sequences 0 » Protein Families 0
» Macromolecular Structures 0 » Enzymes 0
» Small molecules 0 » Literature 0
> Gene Expression 0 » Ontologies 0

» EBIWeb Site

o

Abstract

Click on the link

| SRA Sample: ERS000415-ERS000431 ‘SRA Run’
i SRA Submission: ERA000119 Sequence Read Archive submission submittee-ty The Wellcome Trust Sanger Institute

1 SRA Run: ERRO006177-ERR006193

1 SRA Experiment: ERX001045-ERX001061

Attributes Top |
ENA-SPOT-COUNT 112215691

ENA-BASE-COUNT 9299091736
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SRA Run: ERR006185 : A llst Of all
SRA Run: ERR006186 : A/ the KNA
experiment
s will come
‘ up. Click

on the red
EMBL-EBI H1 sﬂ[g All Databases + | Enter Text Here Go Rosol 3 oy fasdbeck arrow to
Databases Tools EBI Groups Training Industry About Us Help site Index [ &
= Documentation eXpal’ld the
SRA Experiment Record : ERX001045 : llumina Genome Analyzer Il sequencing of Plasmodium falciparum 3D7 16 hr cDNA-50 v .
= People 1nd
= Contact View: XML Download: XNL w OW.
Study : ERP000069 : Plasmodium falciparum RNA-Seq in Blood Stage More details
Sample : ERS000416 : More details
Taxonomic classification
Organism l Plasmodium falciparum 3D7
Taxonomic identifier | 36329
Name : 16_hr_3D7_cDNA-50_1
Source :  NON GENOMIC
Library Selection : cDNA
Orientation :
Paired:  Nominal length : .
Nominal sdev: 0.0 Chck on
Class : Application Read ¢ 5
Read 0: Type: Forward Runs
e Base coordinates : 1
scriptor
Class : Application Read
Read 1: Type: Reverse
Base coordinates : 55
Platform ILLUMINA : lllumina Genome Analyzer Il
o Base caller:  Solexa primary anglyefs
"9 Quality scorer : Solexa i analysis
Runs ERR006186
ERA000119
§ o EB-¢ Reset (@ [
EMBL-EBI :. sarg All Databases Enter Text Here o o Teacback
DEELELE Tools EBI Groups Training Industry About Us Help site Index Y &
= Documentation
= People SRA Run Record : ERR006186 : Sequence Read Archive run by The Wellcome Trust Sanger Institute v
= Contact View: XML Download: XML
Study : ERP000069 : Plasmodium falciparum RNA-Seq in Blood Stage More details
Sample : ERS000416 : More details Now you
Taxonomic classification | can
Organism lPIasmodium falciparum 3D7 d 1 d
Taxonomic identifier | 36329 ownloa
Submitter The Wellcome Trust Sanger Institute the RNA-
Experiment ERX001045
ERA000119 Seq data.
*ForAspera download, please download and instal Aspera Connect

ftp
Download

ftp

ERR006186_1.fastq.gz
ERR006186_2 fastq.gz
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Appendix XIII continued.

[ Once downloaded the fastq file from the SRA, you can first have a look at the format. }

Each sequence read is
represented by four

lines B o alalalalalalalalalalalalal alala e 13

/1. IL7 1788:2:1:16: 501\
is the sequenced fragment, /1
and /2 refer to the forward and
reverse (paired-end) reads

respectively.
N J

[ 2. The read sequence ]

[ 3. Sequence/quality line separator ]

Open up a terminal and navigate to where you saved the fastq file:

$ gunzip ERR006186 1.
$ more ERR006186 1.fastqg

fastqg.gz

o000 Terminal — ssh — 72x37
l [x] ssh

@ERRBA6136.1 IL7_1788:3:1:841:1136/1
GAATGAATATGAATAAATATGAATGAATATGAATAAATATGAATGAATATGAAT
+

GERRBAG1S6 .2 IL7_1788:3:1:635:562/1
GATTTTCTTTTAATTTTAAAAAAGATGAATCTATATCATTTTTTAGATGTAGAT
+

BRI R R R R D BB 6 BB 6666666666662
GERRBAG1S6.3 IL7_1788:3:1:1489:816/1
GTTAAGGGAGTGAAGACGATCAGATACCGTCGTAATCTTAACCATAAACTATGC
+

I I R e B R B e B e R B R e B D BB 6 BB 6646446664666

@ERRABE186.3 IL7_1785:3:1:1489:816/1
GTTAAGGGAGTGAAGACGATCAGATACCGTCGTAATCTTAACCATAAACTATGC
+

RO 66666646446664666

2D Sttt 34+ 3666663362+ 63+ 6+
RREB6186.6 IL7_1788:3:1:968:8685/1
GGAAGGGATATCTAGCCGTATTCTTATACACAATTCTACCGTATGATTTTGGT

A R R B S R S R B <D BB O BB 666666 6666-66
GERRBAG1S6.7 IL7_1788:3:1:936:814/1
CATNAAAGAGTTTGAGGAGAAAAAAGAACAATTAAAGAAATATTATGAAGAATA

I B B B B B B B B B R - | DB OO 6 6666666666666

@ERROWE186.5 IL7_1785:3:1:9:721/1

(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.

~

J
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Appendix XIV

-

Here is compilations of the programs that we find useful.

Artemis & Act
http://www.sanger.ac.uk/science/tools/artemis
http://www.sanger.ac.uk/science/tools/artemis-comparison-tool-act

Mappers

SMALT: http://www.sanger.ac.uk/science/tools/smalt-0
BWA: http://sourceforge.net/projects/bio-bwa/files/
BOWTIE: http://bowtie-bio.sourceforge.net/index.shtml
TopHat: https://ccb.jhu.edu/software/tophat/index.shtml
SAMTOOLS & BCFtools

http://samtools.sourceforge.net/
https://samtools.github.10/bcftools/beftools.html

Assemblers
Velvet: http://www.ebi.ac.uk/~zerbino/velvet/
ABYSS: http://www.bcgsc.ca/platform/bioinfo/software/abyss

SOAPdenovo: http://soap.genomics.org.cn/soapdenovo.html

Tools for automatic finishing / Annotation transfer
ABACAS: http://sourceforge.net/projects/abacas/files/

IMAGE: http://sourceforge.net/projects/image?2/
1CORN: http://sourceforge.net/projects/icorn/files/
PAGIT: http://www.sanger.ac.uk/science/tools/pagit

4)-



