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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 
 

I 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 I began my PhD at the Animal Health and 

Veterinary Laboratories Agency (Surrey, UK), registered at Royal 

Holloway University of London (Surrey, UK), where I studied how 

resistance to antibiotics in E. coli was acquired and transferred in 

cattle in the UK. I 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 mutagenesis 

approach to inactivate genes in the bacterial genome known as Transposon Directed Insertion site 

Sequencing (TraDIS). I moved to Vietnam in April of 2016 to work with Prof. Stephen Baker in the 

Enterics division. I 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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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 mRNAs 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), I 

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, I 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, I 

have focused my efforts towards understanding global infectious 

disease. I 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. I have experience with metagenomics which 

allows for the genomic characterization of entire microbial 

communities. 
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Felix Dube: University of Cape Town 

 

I 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 

to unravel genotype-phenotype associations. 

 
 

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 

Bioinformatics Network (H3BioNet) and in 2016 at the University   
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.  I 
am particularly interested in using whole genome sequencing to 
trace the epidemiological relationship between antibiotic resistant 
bacteria from these three sources in Nigeria. I 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. 

 
 
 

Daniel Gyamfi Amoako    University of KwaZulu-Natal, SOUTH AFRICA  
 
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 
 
I 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. I 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 analysis 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". 
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Melissa Chengalroyen    MMRU, SOUTH AFRICA  
 
The project I 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 
 
I am a PhD Graduate Fellow in Molecular Epidemiology 
undertaking my research within the CTLGH program. I 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 I 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. I 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 
 
I 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. 
I am also a teaching asssistant of a bioinformatic practical course 
for first and second year Masters students. 
By attending this course, I 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, I 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 
arboviral diseases. Currently I am working in the Genome 
Sequence of Methicillin-Resistant Staphylococcus aureus Strain 
SO-1977, Sudan. I am actively involved in comparative genomics,   
Proteomics and functional genomics. I 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  
 
I 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, I 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  
 
I am a Postdoctoral Research Fellow in Bioinformatics at the 
University of Cape Town (UCT), South Africa.   Currently, I 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.  
 
I 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 Illumina 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 
 
I 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. I have done studies on antimicrobial 
resistance of Salmonella species, Shigella species and Cholera 
species in Zimbabwe. Currently I am working on a PhD entitled, 
“Genomic characterisation of Salmonella enterica from 
environmental, animal, food and human sources in Zimbabwe 
using whole genome sequencing. I 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 
 
I 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.  

 
 

Camus Nimmo    Africa Health Research Institute, SOUTH AFRICA  
 
I am a second year PhD student working at the Africa Health 
Research Institute in Durban and UCL in London. I 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 I am enrolling a 
cohort of patients with drug-resistant tuberculosis and whole 
genome sequencing mycobacteria cultured from sputum samples. 
I 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, I am currently carrying out 
a postdoctoral project focussed on generating genomic data on 
mixed plasmodium species infections. I 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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Yolandi Snyman    Stellenbosch University, SOUTH AFRICA 
 
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.  

 



Module 0: Virtual Machine

Working with Pathogen Genomes

What is an Operating System?

● Software that supports the computer's basic functions

● Manages computer hardware (screen, mouse,  

keyboard)

● Provides tools for managing files, running software

● Provides a way via software applications to interact with  

the computer

Examples include:

● Windows
● OS X

● Linux

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.

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.



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.

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.



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

You should then see the screen below containing your VM ‘Vietnam_2017’ in the 

Powered  Off state.



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”.

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

half the CPUs). 



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

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.



It should then look a little like this:

You can make the VM use the entire screen by pressing the right hand ‘Ctrl’ key and ‘f’ 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.

● 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.

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

● 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.

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.

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.

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.

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.



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

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.



-1-

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!
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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.

3

Single click to open file in Artemis then wait4

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.

In the � Options �
menu you can

switch between

prokaryotic and

eukaryotic mode.

Artemis Exercise 1

1
2

Single click 
to select file 
S_typhi.dna

Change to �All Files� if

you want to display all

the files in the directory.

Use this feature to

choose the type of file

to be displayed in this

panel.

DNA sequence files will

have the suffix �.dna�.
Annotation files end

with � .tab � . You can

also open �.embl� files.

Click �File�
Then�Open�

You can also start

Artemis from the

terminal window by

typing �art�.
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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.

1

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

2

3

What�s an 

�Entry�? It�s a file 
of DNA and/or 

features which 

can be overlaid 

onto the sequence 

information 

displayed in the 

main Artemis view 

panel.

Click �File� then 
�Read an Entry�

Single click 
to select file 
S_typhi.tab

Single click to open file in Artemis then wait
(click �no� if an error window pops up)
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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
2

3

4

5

6

7

8

1. Drop-down menus: There are lots in there so don�t worry about all

the details right now.

2. 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).

6. Sliders for zooming view panels.

7. Sliders for scrolling along the DNA.

8. Slider for scrolling feature list.
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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 IV) 
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!

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!

Suggested tasks:

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

region.

2. Select a CDS then go to the start and end.

3. Go to the start and end of the genome sequence.

4. Select a CDS. Within it, go to a base (nucleotide) and/or amino acid of your

choice.

5. Highlight a region then, from the right click menu, select �Zoom to Selection�.

Click �Goto�
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4.2 Navigator
The Navigator panel is fairly intuitive so open it up and give it a try.

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.

5. tRNA genes. Type �tRNA� in the �Goto Feature With This Key�.
6. 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.

What are Keys and Qualifiers? See Appendix IV

Click �Goto�
then Navigator

Check that the 
appropriate search 
button is on
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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
to use the zoom sliders).

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

CDS 
features 

Misc
features
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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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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.

Slider for 
smoothing 

DNA plot

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.

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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No stop codons 
shown on frame 
lines

1

2 To de-select the 

annotation click here.

Menu item for de-
selecting stop codons

1. To make this process faster and clearer, switch off stop codons by clicking

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

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

each plot is calculated. To adjust the scaling click with the right mouse button

over a particular graph window. A menu will appear with an option “Set the

Window size’ (see above), set the window size to ‘20000’. You should do this

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

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

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

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

43 Slider for 

zooming out

Graph scaling

menu

Click with the left
mouse button in a
graph window. A line
and a number will
appear. The number
is the relative
position within the
genome (bps).

Click and drag to
highlight a region on
the main DNA line.
Notice that the
boundaries of this
region are now
marked in the graph
windows that you
previously clicked in.
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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 et 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.

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.

Artemis Exercise 3
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A new Artemis window will appear displaying only the region that you highlighted

2

1

3

Note the bases 
have been 
renumbered 
from the first 
base you 
selected.

Note the entry names 
have changed

Click �Edit�

Select region by 

clicking with the 

left mouse button 

& dragging 

Click �Edit 

subsequence 

(and features)�
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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
being over-written.

We 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.

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.

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
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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
of the information within spi7.tab.

4

1

2

5

6

Make sure the buttons 
are selected

3

Click �Select�
then �Feature 

Selector�

Set Key to �CDS�
and Qualifier to 

�colour�

Type search term

Click to select 

features containing 

search term

feature list

Click to view 

selected 

features in a list

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

remain.
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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.

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.

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

Space for a search 
term or amino acid 
motif

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.
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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 �.tab� file into the �.dna� file, and then
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.

4

5

6

7

1

2

3

Click �Select�
then �All�

Click �Edit�, then 

�Copy Selected 

Features To�

Select �spi7.dna�

Click �File� then 

�Save An Entry 

As�

�EMBL 

Submission 

Format�

Select 

�spi7.dna�

Save file as 

spi7.embl
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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.

Now open the EMBL format file that you have just created in Artemis.
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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 hpcC (STY1136). Go to
this gene by using one the different methods you have learned so far. You will now
analyse the reading frame of hpcC 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).

1

2

3

Select CDS

Start blastp

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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Our gene

Gene in database

Can you see where the stop codon has been introduced into the sequence of our gene of
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 hpcC. 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.

As the original gene annotation

is too long we have to shorten it.

Click on the original hpcC CDS,

� Edit � � Selected features in

Editor� . A window will pop up

and you can change the end

position in � location � (in our
case this will be determined by

the position of the last shared

amino acid, K).
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The 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.

1

3

2

result

Click �Edit�

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). 

�Selected 

Features�
�Merge�
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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.
Sometimes it is worth checking regions which look strange to you.

Non-coding

1

Click Graph 2

Click ‘Add usage 

plots’ and select 

‘S_typhi.cod’

Codon usage table taken 
from:
www.kazusa.or.jp/codon

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 Salmonella 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).

Artemis Exercise 4 - Second part
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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’.

Based 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.

Codon usage plot

Coding bubbles

Try the slider 
to smooth the 
graph
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2

‘Create’, ‘Mark 

ORFs in range’, 

press OK

1
Click and drag 

to highlight

3
Click on newly 

created ORF
Start blastp

4

OK

5

To view the search results click �View�, then �Search Results�, then �blastp

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.
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1
Click on ORF

2

‘Edit’, ‘Selected 

features in editor’

3
Select ‘product’ 

from dropdown 

list

4

Click ‘Add 

qualifier’

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 
is 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_EcK12.dna.crunch.gz
EcK12.dna.gz

Click �File�
then �Open

1
2

Click �Apply�
and wait……7

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

Click and select 
appropriate files

4, 5 & 6

For comparing 
more than two 
sequences

Comparison files end 
with �.crunch.gz�

You can also start 
ACT from the 
terminal window by 
typing �act�
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2. The basics of ACT

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

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

specific menu which we will use later. 

1

2

3

4

5
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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:

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.

3.  Exercise 1

1

Right button 
click here

2

De-select 
stop codons
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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.



-6-

Module 2: Comparative Genomics

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

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�. 

LOCKED

4

1

3 Move the sliders to 
manipulate the comparison 
view image

2

Select either Set 
Score Cutoffs or 
Set Percent ID 
Cutoffs

Right button click 
in the Comparison 
View panel
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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

1. Double click red boxes to centralise them.
2. Zoom right in to view the base pairs and amino acids of each sequence.
3. Load annotation files into the sequence view panels.
4. Use some of the other Artemis features e.g., graphs etc.
5. 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_chr13.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

P. falciparum
chr 13 (fragment)

P. knowlesi
contig

Comparison of P. knowlesi contig and the annotated chromosome 13 fragment of P. falciparum

TBLASTX
comparison
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Exercise 2 Part I
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_chr13.embl.gz (top 
sequence)

• Example location: Pfal_chr13.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?

P. falciparum
Pfal_chr13.embl.gz

P. knowlesi
Pknowlesi_contig.embl.gz
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Exercise 2 Part II
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

Comparison between orthologous genes in P. falciparum and P. knowlesi

P. falciparum
Pfal_chr13.embl.gz

P. knowlesi
Pknowlesi_contig.embl.gz
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Example location: 789034..793351, in Pfal_chr13.embl.gz

Exercise 2 Part III (OPTIONAL)

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

• Use �File� menu to select entry �Pfal_chr13.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
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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 gene 
models at protein level and predict any alternative splicing pattern.   

Automated gene 
prediction for 
hypothetical gene 
�Phat4�

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

Can you suggest 
any alternative 
splicing pattern 
such as the gene 
structure shown 
in red? 
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13

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 T. brucei and Leishmania.  

Aim
By looking at a comparison of the annotated sequences of T. 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 T. brucei and L. major and the comparison file in ACT.
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Next, you need to find the regions of synteny between the sequences.

An �hour-glass�
shape indicates an 

inversion

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.

Zoom out & switch 
off stop codon to 
clarify the display
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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.
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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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Click on the Pre-computed 
tab. 

Open up a web browser and go to the URL: www.webact.org

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

WebACT can display pairwise 
comparison between up to 5 
sequences. Click here if you 
want to increase the number 
from the default of 2.

In addition to the chromosome 
sequences, plasmids can also 
be displayed by clicking in this 
box
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In the Sequence 1 list select  
Burkholderia pseudomallei 
chromosome 2 (accession 
number BX571966)

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

In the Sequence 2 list select  
Burkholderia mallei 
chromosome 2 (accession 
number CP000011)

Once you have selected the 
sequences click the Next button

Click the Next button

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 
is what we want for this exercise 
as you are going to compare the 
whole chromosomes.



-19-

Module 2: Comparative Genomics

In the Overview of Selection 
you can see a schematic 
representation of the relative 
size of the two sequence that 
have been chosen to be 
compared.

Click the Download files button

Click the Download files button

In the filename box you can type 
the file name of the zip file 
containing the sequence and 
comparison files. For this 
exercise call the file: 
Burk_chr2_comp.zip

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

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. 

In 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.
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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

Click the Extract button

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

Burk_chr2_comp.zip should now be in 
the Downloads directory

The files contained in the unzipped 
directory should include: 
comparison1_BX571966_vs_CP0000
11, sequence1_BX571966.embl and 
sequence2_CP000011.embl. These are 
the ACT comparison file and the B. 
pseudomalllei and B. mallei 
chromosome 2 EMBL annotation and 
sequence files respectively.

Select a location to extract the files to, such as Desktop

Click the Extract button
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Open up ACT, and load up the comparison (comparison1_BX571966_vs_CP000011) along 
with the two EMBL sequence and annotation files (sequence1_BX571966.embl and 
sequence2_CP000011.embl). If you get a warnings window asking if you want to read 
warning, click No.

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

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

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.

If 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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Clicking on the 
�Generate� tab will take 
you to this page

If 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 
exercise to <100 kb. The the web site can handle larger sequences, but it will just take longer.

Cut and paste sequence

Upload file

Type accession number

Click here for BLAST 
options, such as changing 
from the default BlastN to 
TBlastX, and altering the 
BLAST cutoffs

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. 

Number of sequences to compare
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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

1
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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

Break into fragments (~200bp)

Sequence 76-101bp at both 
ends of each fragment, 

generating paired-end reads

C. trachomatis NV 
genome

Identify SNPs 
and INDELs, 
generating a 

VCF/BCF 
file

Wet-lab

in silico
Paired-end 

sequence reads 
in FASTQ file

view in 
Artemis

Align reads to 
reference genome, 

generating a 
SAM/BAM file
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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 1Mbp. 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]

Short-Read Alignment Software

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. 

4
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Each sequence read is 
represented by 4 lines

1. IL7_1788:5:1:34:600/1
is the name of a sequence read 
where the numbers of interest 
include: IL7 is the sequencing 
machine, while 1788:5 indicate 
the run and lane. /1 and /2 at the 
end of the line indicate forward 
and reverse (paired-end) reads, 
respectively. The screenshot here 
shows only forward reads.

2. The read sequence

3. Sequence/quality 
line separator

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.

FASTQ sequence file format

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’ . 

5
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1. Exercise with data from Chlamydia trachomatis

Stage 1: 
Our reference sequence for this exercise is a Chlamydia trachomatis LGV strain called 
L2. The sequence file against which you will align your reads is called L2_cat.fasta. 
This file contains a concatenated sequence in FASTA format consisting of the genome 
and a plasmid. To have a quick look at the first 10 lines of this file, type:
head L2_cat.fasta

Most alignment programs need to index the reference sequence against which you will 
align your reads before you begin. To do this for BWA type:    
bwa index L2_cat.fasta

The command and expected output are shown below. Be patient and wait for the 
command prompt (�~/Module_2_Mapping$) to return before proceeding to Stage 2.

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 ‘ls’ you should see the following folders (in blue) and files 
(in white) in the resulting list.
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Stage 2: 
We will now align both the forward and the reverse reads against our now indexed 
reference sequence. The forward and reserve reads are contained in files NV_1.fastq.gz 
and NV_2.fastq.gz, and the output will be saved in SAM format. 

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

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.

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

The last part of the command line > mapping.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
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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.

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

Query name, 
i.e. name of 

sequence read

Bitwise flag with 
read pair mapping 

information

Chromosome/ 
reference 

sequence to 
which read has 
been mapped  

Quality of 
each base 

in read

DNA 
sequence of 

read

Mapping 
tags of  
BWA

Left-most 
mapping 

position of 
read

Left-most 
mapping 

position of 
read mate

Template length = 
length of plus 

distance between mates 

Alignment 
information

Sequence to 
which read mate 
has been mapped
(‘=‘ means same)

Mapping 
quality

Next we want to change the file format from SAM to BAM. While files in SAM format 
store their information as plain text, the BAM format is a binary representation of that 
same information. One reason to keep the alignment files in BAM rather than in SAM 
format is that the binary files are a lot smaller than the plain text files, i.e. the BAM 
format 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 
with the alignments. 

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

samtools view -q 15 -b -S mapping.sam > mapping.bam

Flag: output in BAM format Flag: input in SAM format – note: this is a capital S

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.

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

samtools index NV.bam

Stage 6: 
We are now ready to open up Artemis and view our newly mapped sequence data.

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.
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1

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

2

3

Since the L2_cat.fasta is a 
concatenation of two DNA 
sequences (chromosome 
and plasmid) it draws two 
features automatically to 
represent them, one in 
orange and the other 
brown.

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.

10

Hopefully you will now 
have an Artemis window 
like this! 
If not, please ask a 
demonstrator for 
assistance.

Single click to open file in Artemis then wait

Single click 
to select 
EMBL file

Click ‘File’
then ‘Read 
An Entry’
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Read in a 
BAM file

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!

1

2
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3

Select NV.bam
file and click Open 
(and then on OK)

Click Select 
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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. 

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

1 & 2

3

4

5

12

Use the sliders to scroll 
through the genome and 

to zoom in and out. 
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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.

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

Reads with 
less than the 
mapping 
quality are 
not shown. 
Try 60.

HIDE the 
proper pairs. 
What 
happened?

Filtering reads for 
repetitive regions or 
seeing properly-paired-
reads only can be 
really helpful.

13
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There are different views and  graphs to display that you can 
choose from, for example: right click here and select ‘Graph’ then 
‘Coverage’ from the menu.

See below.

1

2

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.

14

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.

Coverage 
plot. Right 
click for more 
options. 
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a) We have already looked at ‘Stack’ view. 
b) 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.

c) 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.

15

1

2

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):
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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 
to look for insertions and deletions as will be shown later in this Module. 

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. 

3

16

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

1

2
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2
3

1

Viewing SNPs

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

17

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.



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. 

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).

True
SNP? 

Sequencing 
errors?

True 
SNP? 

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…

18
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1
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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?

2

1

19
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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?

20

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 
displayed (1).

1
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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!

1

2

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

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

3
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Within the 
Module 3 
directory 
choose 
L2b.bam

3

11 2

3

6

5
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4

right-click

In the first instance Artemis reads all the new reads into the 
same window. This is useful if you have multiple sequencing 
runs for the same sample. But in this instance we want to 
split the reads into separate windows so that we can view 
them independently. This is done as described below. 

Note that due to differences in sequencing technology, the 
read lengths are different between NV2 and L2b, 
contributing to this staggered appearance of reads.
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7

8

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.

23

First, clone the BAM view window.
Right-click over the BAM window 
and select ‘Clone window’.

If you right-click over the top BAM 
window and select BAM files you 
can individually select the files as 
desired. This means you can 
display each BAM file in its own 
window by de-selecting one or the 
other file. 
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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

Looking at SNPs in more detail
So far we have looked at SNP variation rather superficially. In reality you would need 
more information to understand the effect that the sequence change might have on for 
example coding capacity. For this we can view a different data type called Variant Call 
Format (VCF). In analogy to the SAM/BAM file formats, VCF files are essentially plain 
text files while BCF files represent the binary, usually compressed versions of VCF files. 
VCF format was developed to represent variation data from the 1000 human genome 
project and is likely to be accepted as a standard format for this type of data.

24

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

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.
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4

3

2

5

Select file NV.bcf
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File format: VCF / BCF (each line: one position in alignment)

Reference 
sequence 

name
Position

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

sequence data

Quality 
score of 
base call

Detailed information: 
DP=read depth 

DP4=REF,REF,ALT,ALT
MQ=mapping quality

Genotype 
call info

1

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.
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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 INDELs. Scroll along the sequence and see how many different 
kinds of variants you can find.

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

You may have noticed that 
the SNPs in the BCF 
window are only shown 
for the chromosome. To show 
SNPs also on the plasmid click 
and select ‘Combine References’ 
here.
The SNPs for the chromosome 
and plasmid should now be visible. 

1. Variant
Variant A Green
Variant G Blue
Variant T Black
Variant C Red
Multiple Alleles Orange, with circle at top
Introducing stop codon Circle in the middle, colour of variant
Insertion Magenta
Deletion Grey
Non-variant Light grey
2. Synonymous / Non-synonymous
Synonymous SNP Red
Non-synonymous SNP Blue
3. Quality Score
Variants are all on a red colour scale with those with a higher score being darker red
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You can 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”.

What you should notice is that L2b has far fewer SNPs and INDELs 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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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). 

We have provided BCF files for the 
L2b LGV C. trachomatis strain. 
They are in the  directory called 
“BCFs” in  the Module_2_Mapping 
directory that you have been 
working in until now. 

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.
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As you may expect by now, Artemis also allows you to filter your VCF file. 

28

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 
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.

Right-click in 
the window 
and choose 
Filter…
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2. Exercise with data from Plasmodium falciparum

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

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

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.

Running a Bash script to do the work for us…

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

./map_lanes.sh IT.Chr5_1.fastq.gz IT.Chr5_2.fastq.gz 
Pf3D7_05.fasta BWA.IT.Chr5

Note that BWA.IT.Chr5 still belongs to your command line! Please also note that this 
script will run for several minutes, so please be patient. Lots of information about the 
progress of the mapping will be printed to the screen, but its rare you’d ever need to 
look at it. 

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

#read in values from command line
fastq1=$1
fastq2=$2
ref=$3
output=$4

#index the reference file
bwa index $ref

#map the sequence data
bwa mem $ref $fastq1 $fastq2 > $output.sam

#create a quality filtered, sorted and indexed bam file
samtools view –q 15 -b -S $output.sam > $output.tmp.bam
samtools sort $output.tmp.bam $output
samtools index $output.bam

#generate a BCF file and index it
samtools mpileup -ugf $ref $output.bam > $output.tmp.bcf
bcftools view -bcvg $output.tmp.bcf > $output.bcf
bcftools index $output.bcf

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

#clean up your directory of unnecesary files
rm -f $ref.amb $ref.ann $ref.bwt $ref.pac $ref.sa $ref.fai

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
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• Line 1 tells the computer which program to use to execute or interpret this file, in this case 
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:

$name

In the 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.

fastq1=$1
fastq2=$2
ref=$3
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 ref variable to the bwa
index command.

bwa index $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.fastq.gz IT.Chr5_2.fastq.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 script is finished running, type ls to see the contents of the 
directory. You should see a new file called BWA.IT.Chr5.bam which contains the results of 
mapping the files IT.Chr5_1.fastq and IT.Chr5_2.fastq to the Pf3D7_05.fasta reference sequence.

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

It looks like that both the IT and the Dd2 clone have a copy number variation (assuming the 
reference was assembled correctly). Is the duplication the same in both clones? 

Select DD2.Chr5.bam
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Please start up artemis using the following command:

art -Dbam=BWA.IT.Chr5.bam,BWA.IT.Chr5.bcf Pf3D7_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
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SNPs
Let’s have a look at SNPs now. To do so, zoom in on the mdr1 gene and make 
sure you are in Strand Stack view and have Show SNP marks selected. As 
mentioned before, in addition to true SNPs some differences between the 
reference sequence and the mapped reads are due to sequencing errors. On 
average, 1 in every 100 bases in the reads is expected to be incorrect. In 
particular, some sequencing errors may be due to a systematic problem as 
illustrated below.

Sequencing 
errors

SNP 

systematic 
error

Homopolymer tracks may 
cause systematic errors. 

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

34
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Reference 

Mapping 
reads 

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

This BAM 
window shows 
the IT reads

Is there 
another SNP 
in Dd2?

To answer the question mentioned just above, right-click on the gene annotation of the 
mdr1 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).
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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”.

36

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!

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

Here is another example 
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.

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



Module 4: Mapping Short Reads

37

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.fastq.gz IT.Chr5_2.fastq.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 
does not generate the bcf files, and it does not clean up after itself!

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

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

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

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

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

Please note:
$# is the number of command line arguments
!= means NOT EQUAL TO
$0 is the name of the script
! is the NOT operator
-f checks if a file exists
| | means OR
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#!/bin/bash

#read in values from command line
fastq1=$1 
fastq2=$2
ref=$3
output=$4

#check the correct number of parameters have been passed to 
the script
if [ $# != 4 ]; then

echo "Usage: `basename $0` fastq1 fastq2 reference_file
output_prefix"

exit
fi

#check the fastq and reference files passed to the script 
exist
if [ ! -f $fastq1 ] || [ ! -f $fastq2 ] || [ ! -f $ref ]; then
echo "Error: One of the input files does not exist"
exit

fi

#index the reference file
bwa index $ref

#map the sequence data
bwa mem $ref $fastq1 $fastq2 > $output.sam

#create read quality filtered sorted and indexed bam file
samtools view -q 15 -b -S $output.sam > $output.tmp.bam
samtools sort $output.tmp.bam $output
samtools index $output.bam

1
2
3
4
5
6
7
8
9

10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

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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Decision 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, if. The if 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 Illumina
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 ls 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 i in $( ls ); DO
echo $i
DONE

End of module…

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

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

1. Multiple sequence alignment using ClustalX and/or muscle.
2. Maximum likelihood phylogenetic estimation using a nucleotide model.
3. Evaluation of support for relationships in a tree using non-parametric bootstrap replicates.
4. Interpretation of phylogenetic trees.

1
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In this 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 
two typing schemes it supports.

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 ompA 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
includes serotypes L1, L2 (including L2a, b and c) and L3.

i) ompA phylogeny from gene sequences

Exercise: Assessing typing tools for C. trachomatis

2
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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.
First 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.

Viewing the alignment in Seaview

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.

If 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 
see in the assembly module later in the course.

3



Module 5: Phylogenetics

Before 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.

Multiple sequence alignment

On the ‘Props’ menu choose ‘View as proteins’.

Seaview 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 
here.

To start the alignment, select �Align� then �Align all�.

4



Module 5: Phylogenetics

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.  

Each column is now a 
hypothesis of homology

Inserted gaps

If 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.

If you turn off protein view you can see that the nucleotides are also now aligned.

5
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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 is 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 
compare different trees directly.

Make sure you are in nucleotide view, then choose �Trees� then �PhyML�

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, 
which can be more biologically realistic than some other methods.  Various models are 
available from the very simple (and unrealistic) to the quite complex:

If you choose a model which includes 
different transition and transversion 
substitution rates you can set the ratio here or 
ask to optimise it from the data 

In the �Across site rate variation� box 
select �None�. We will look at rate variation 
later

In the �Branch support’ box select �None’.
We will look at branch support later

The last two boxes are for specifying how the 
program will search the tree, and how it will 
choose a tree to start from. We will use the 
defaults 

In
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Model
# free

Params
Base 

frequencies Substitution rates

JC69 0 All equal
All equal

F81 3 All free
K2P 1 All equal

Transitions and transversions differentHKY 4

All free
F86 4
TN93 5 Two types of transition and transversion
GTR 8 All free

Transitions

Transversions

Choose the�GTR’ model.
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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 
of the root by selecting this 
option and clicking on a 
node in the phylogeny.

You can tick �Br lengths�
to add branch length values 
to the tree.

You can change 
between a rooted 
and unrooted tree 

The scale bar represents the number of 
inferred substitutions per site 

You can save your tree in Newick format 
that can be opened in other tree viewers 

The type of analysis run and the 
log likelihood are shown above 
the tree

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.

7
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Proportion 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 
you have defined a model with correction for rate heterogeneity.

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 
errors, i.e., fast evolving, but otherwise unrelated, sequences clustering together.  

In the �Across site rate variation� box 
make sure �Optimized� is selected.

Now we will estimate the phylogeny again 
with additional parameters in the substitution 
model, which will correct for rate 
heterogeneity among sites.

Make sure �# of rate categories� is set  to 4.

This 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 
number of categories doubles the run time. 
Usually 4 to 8 suffice.

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 
the next section.

8
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Comparing models with the likelihood ratio test

The 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.

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.

To perform a LRT we must first calculate the likelihood ratio (LR) of our two models:
LR = 2x(neglogL1 - neglogL2)
Where: neglogL1 is the negative log likelihood of the simpler model, and neglogL2 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.

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 
repeatable, 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.

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.
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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.

Bootstrap proportions

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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A second 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 et al. (Emerg Infect Dis. 2009 Sep;15(9):1385-94.), which comprises the 
following seven loci.

ii) MLST gene phylogeny using Artemis

Gene name Locus tag in L2_cat.embl

glyA CTL0691

mdhC CTL0630

pdhA CTL0497

yhbG CTL0022

pykF CTL0586

lysS CTL0150

leuS CTL0461

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.

You can reduce the bcfview
panel size by clicking on 
the border and dragging it 
up

To create more space 
you can hide the second 
reference panel by 
clicking on the … here

You can turn off the forward 
and reverse frame lines by 
right clicking on the 
reference panel

To show the bcf of the 
plasmid as well as the 
chromosome, choose 
Combine references
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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 bcfview panel and select the Filter option. You can choose your own 
filters, but we would suggest something similar to the following:

Importantly, note that we have also selected the ‘non-variants’ tick box. This option tells 
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 
MLST gene regions. Once you are happy with your filters, close the Variant filter box.

Click these buttons to 
turn on and off types of 
variant.

Enter values in these 
boxes to filter values 
below a minimum 
value or above a 
maximum value

13
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If you have time, have a look at some of the 
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 
sequence.

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 
sure to tick the ‘Match Any Word’.

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.

Check that you have selected the correct seven genes. Next we will write out their 
sequences into a fasta file.
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Choose this option to write the sequence 
of one or more feature in the (e.g. CDSs) 
correct orientation

Choose this option to write the 
sequence of any selected region 
of the genome

The ‘Combine feature sequences’ option is useful if you have selected more than one feature in the 
reference when choosing to write the bcf 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 
to save the sequences of multiple bcf files into a single fasta file. If you deselect this option, one fasta
file will be saved for each individual bcf. This does not apply here.

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 bcfview panel. From 
the menu choose ‘Write’ -> ‘Fasta of selected features’. You will be asked for a filename 
for the alignment file. Call it NV_MLST.fasta. Note the three options on the right hand 
side of the save dialogue box.
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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.

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.

We 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.
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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’

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.

Construct a maximum likelihood tree of the MLST alignment as nucleotides.

How does the tree compare with the 
ompA tree you made earlier?
Does the MLST gene tree support the 
splitting of C. trachomatis into 
trachoma and LGV biovars?
Do the strains cluster by serotype in the 
MLST tree?
What biological processes could 
account for these discrepancies?
Do you think ompA is a good gene for 
typing C. trachomatis isolates?

stop 
codons
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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.

iii) Phylogeny from whole genome SNPs

At the prompt type the following command:
bcftools view -cg NV.bcf "AM884176.1" | vcfutils.pl vcf2fq -d 5 - > NV_WGS.fastq

Although this command line looks complex, it is just things you’ve seen before put 
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 bcftools view to change the compressed bcf file into a text 
file that is readable, which is then used as the input for vcfutils.pl. The -cg tells bcftools
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 bcftools to only output variants on this contig.
The second command uses vcfutils.pl vcf2fq 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.

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

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.

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.

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.

At the command line, run this command:
snp-sites -o Ct_WGS_SNPs.fasta Ct_WGS.fasta

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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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 
of the taxa or the order of the taxa in the alignment

Other useful Seaview features 

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

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.
• You can save your selection using the save selection option in the file menu

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

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

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.

FigTree: a more versatile tree viewer 
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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:

= 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:

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 
exactly the same as with nulceotide data

A G

C T

Model Alignment source

LG

Nuclear globular proteins
WAG

Dayhoff

Blosum62

MtREV Vertebrate mitochondrial proteins

RtREV Viral reverse transcriptase proteins

CpREV Chloroplast proteins

DCMut Extenstions to Dayhoff’s PAM matrix
Nuclear globular proteinsVT

MtMam Mammalian mitochondrial proteins

MtART Arthropod mitochondrial proteins

HIVw
HIV-1 viral genes

HIVb
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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/jMODELTEST.html
Findmodel:
http://www.hiv.lanl.gov/content/sequence/findmodel/findmodel.html
Prottest:
http://darwin.uvigo.es/software/prottest.html

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
• Can be an impossibly poor estimate
• Requires user input and skill
• Treat cautiously
• 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

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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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

Figure	1.	Schistosoma	mansoni lifecycle.
1

Module	6:	Helminth	de	novo	genome	assembly	

Module	6	
Helminth	de	novo	genome	
assembly



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	Illumina	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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# run FastQC for read 1 and read 2
$ fastqc SM_V7_chr4_illumina_R1.fq
$ fastqc SM_V7_chr4_illumina_R2.fq

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	
be	typed	into	the	command	line	to	run.	Each	line	that	

begins	with	a	$ represents	a	new	command

# your first command – move to the working directory to get 
started!
$ cd /home/manager/Module_6_helminth_denovo_assembly

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

Commands	in	BLACK need	to	be	run.	
Commands	in	RED do	not	need	to	be	run	–
they	have	been	run	for	you	to	save	time.



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.

Figure	2.	Example	FastQC output.	
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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All	reads	are	compared

Y-axis	is	the	phred scaled	
quality	score.	



The	main	panel	of	this	figure	shows	an	example	of	the	comparison	of	the	distribution	of	per	
base	quality	(Phred score,	on	the	y-axis)	per	base	position	in	the	read	(x-axis).	Phred scores	
above	30	are	typically	considered	to	be	good	quality	for	an	Illumina	read.	In	this	case,	it	
shows	higher	quality	bases	toward	the	start	of	the	read	(in	the	green	section),	followed	by	a	
decrease	in	quality	along	the	read,	in	which	the	quality	drops	into	the	yellow	(Phred <	30)	
and	then	into	the	red	(Phred <	20).	Some	examples	of	“good”	and	“bad”	quality	data	is	found	
in	the	“Example	Reports”	section	of	the	FastQC website.	

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

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

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

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

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

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

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

FastQC reports	would	typically	be	generated	for	each	read	set.	However,	if	you	have	a	lot	of	
datasets,	it	can	be	tedious	to	look	at	each	one	individually.	We	are	going	to	use	a	
visualisation tool	called	MultiQC (http://multiqc.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)

I.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
$ fastqc SM_V7_chr4_illumina_R1.fq
$ fastqc SM_V7_chr4_illumina_R2.fq

# Once FastQC has finished running, run MultiQC and visualise
output in web browser
$ multiqc .
$ 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”.
$ head –n 100 kraken.report
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You	should	only	need	to	top	100	lines	or	so	of	this	much	
larger	file,	which	we	can	access	using	“head	–n	100”	



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

• A	rank	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:

Where	Ckmer is	the	average	kmer coverage,	Nreads 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/bioinformatics/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://qb.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.	

!"#$% = 	 (	)*( *	
+,-./0	∗(

2
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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 \

-t 4 ../step_1/*.fq -o my_reads.jf
$ jellyfish histo -t 4 my_reads.jf \

> my_reads.histo

# Once Jellyfish commands have been run and you have the 
“reads.histo” file, open the webpage: 
http://qb.cshl.edu/genomescope/
# Upload reads.histo to GenomeScope
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Module	6:	Helminth	de	novo	genome	assembly	



Figure	4.	GenomeScope webpage. http://qb.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?

Drag	and	drop	your	
“reads.histo”	file	here

It	is	not	necessary	to	change	any	other	
parameters.	Just	submit!
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Step	3:	Performing	a	genome	assembly	using	either	
Illumina	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:	Illumina	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	Illumina	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	librariesmay	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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While	Illumina	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	Illumina	reads.	The	key	
advantage	of	this	approach	is	that	many	short,	complicated	genome	regions	that	would	have	
broken	an	Illumina	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	Illumina	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	Illumina	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
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Figure	5.	Overview	of	Illumina	short	read	(A)	and	Pacbio long	read	assembly	approaches	(B).
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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	
IV

• 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

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).	
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# go to the working directory
$ cd /home/manager/Module_6_helminth_denovo_assembly/step_3  

# 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_chr4.miniasm.gfa | 

awk '$1=="S" { print ">"$2"\n"$3} ‘ \
> MINIASM_SM_V7_chr4.contigs.fasta

# run time: step1 ~ 20 mins, 20 Gb RAM, 4 threads, steps2 and 
3 are quick (< 1 min)

# 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/jdk1.8.0_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_R1.fq \
-2 SM_V7_chr4_illumina_R2.fq --threads 4

# run time: ~ 50h, 6 Gb RAM, 4 threads
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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.

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?
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# 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_chr4.contigs.fasta
$ assembly-stats SPADES_SM_V7_chr4.consensus_contigs.fasta

Pacbio (Canu) Pacbio (Miniasm) Illumina
(Spades/dispades)

Assembly	size

Number	of	
sequences

Longest sequence

Average	size

N50

N50	(n)

Table	1.	Comparison	of	assembly	stats
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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.,	Illumina	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 -l 100 -c 500 SM_V7_chr4.fa \
../step_3/PB_SM_V7_chr4.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

15
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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.	

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.		
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Change	“Minimum	
variant	size”	to	1

Drag	and	drop	your	
“delta.gz”	file	here

Submit!

Take	note	of	this	link	for	
each	comparison!

Figure	6.	Assemblytics hompage and	upload	instructions

Figure	7.	Assemblytics output	– saving	the	http	link	for	future	reference

Link	to	interactive	dot	plots.	Note	
that	you	can	zoom	in	and	out	to	

see	more	detail.
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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	Illumina	assembly,	and	vice	versa?

- what	sequence	features	define	the	uncorrected	Miniasm in	particular?

17

Figure	8.	Schematic	of	dot	plot	examples.	Originally	from	goo.gl/P4QTFd;	adapted	from	
http://slideplayer.com/slide/10357320/
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Step	5:	Further	exploration	of	your	genome	
assemblies

Now	that	we	have	compared	and	contrasted	our	initial	genome	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	Illumina	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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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.	
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# 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. 

Once	the	
Bandage	
window	

appears,	click	
on	“Draw	
Graph”

Nodes	=	
Sequences	
”Thick”	lines

Edges	=	
”Thin”	lines	
that	connect	

nodes

# 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
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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.

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	Illumina	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	Illumina	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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if	graph	is	taking	more	than	2-3	mins	to	
draw,	click	“Cancel	layout”	to	stop.	It	
will	draw	a	proportion	of	the	graph.
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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.

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:

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”
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# 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

To	save	path
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Path	through	nodes	
is	highlighted	in	

blue.	Look	carefully	
at	the	edges	to	

determine	direction	
of	path



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

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. A	finder	window	will	appear	– select	your	“out.coords”	file	and	click	“Open”

4. The	comparison	between	your	sequence	and	the	reference	should	now	appear.
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# Compare your new sequence with the reference using nucmer
and show-coords

$ nucmer -maxmatch SM_V7_chr4.fa path_sequence.fasta

$ show-coords -lTH -L10000 out.delta > out.coords

# once completed, load Genome Ribbon (genomeribbon.com) in a 
web browser. 

“Browse"

Reference	
sequnece

Your	sequence	
path

The	nucmer comparison	–
this	is	like	the	ACT	
comparison	view

A	representation	of	
where	your	sequence	is	
found	in	the	reference
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Questions	you	should	be	asking:

- what	are	the	main	differences	between	the	Pacbio and	Illumina	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	Pacbio
significantly	improve	the	contiguity	of	assemblies	over	Illumina-only	assemblies.	

23
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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.

Module 7
Genome Annotation and
Differential Expression
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Module 7 – Genome Annotation and Differential Expression

Module Summary
1. Generating an initial set of gene models (merging RATT and   

Augustus)

2. Mapping RNA-seq data to a reference

3. Viewing RNA-seq mapping in Artemis

4. Correcting gene models by hand

5. Automatically generating gene models based on RNA-seq data

6. Using RNA-Seq to improve annotation

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.

Figure showing the key features of a eukaryotic gene. The exact DNA 
sequence of the splice sites may vary. 
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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 IT 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

Although Artemis can display gff files, the visualization is better for embl files (if you want 
you can also try loading the gff file into Artemis).

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
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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.

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? 
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C. Combine RATT and Augustus gene models

Augustus 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 RATT-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 
into EMBL format.

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 RATT-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.

Unselect the 
�augustus.embl� entry.

Go to Select -> All CDS features

Re-select the 
�augustus.embl� entry.

Go to Select -> Features 
Overlapping Selection

The Augustus gene models which 
overlap RATT models should now 
be selected. Delete them! Edit -> 

Selected Features -> Delete

n.b. deselect any augustus 
(blue) gene models which you 
have edited and want to keep 
by shift-clicking that model.
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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!

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.



-8-

Module 7 – Genome Annotation and Differential Expression

D. Functional annotation
For 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 
classes 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.
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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.fastq.gz

To read the BAM file:

samtools view 30h_map/accepted_hits.bam | head

2. Mapping RNA-Seq data to a reference

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?

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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We will now examine the read mapping in Artemis using the BAM view feature.

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. 

3. Viewing RNAseq mapping in Artemis

If you have closed the Artemis window, then first type:

art Merged_annotation.embl &

In Artemis, highlight gaps in the assembly which might mislead you about the meaning of 
the RNAseq data:

Create -> Mark Ambiguities

Load the BAM file:
File -> Read BAM / VCF -> Select, �blood_stage_30h.bam� -> “OK”

This opens a new window at the top. Right click on the BAMview window, select Graph -
> coverage.

BAM
view

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…”)

Examine the exon boundaries 
of a couple of genes. How well 

are splice sites identified by 
gene predictors vs. RNA-Seq?
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Scroll 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?

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 
a good example. 

Bonus question: Can you figure out why RATT got this gene model so wrong!

4. Correcting gene models by hand

Can you see why this 
model isn�t correct? 

The reads should map over 
exons and not introns.

Next, select the gene 
model. Right-click on the 
BAMview  -> Analyse -> 
Read count of selected 

features. Write the value 
down.

Now 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?
n.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.
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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 has been 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? 

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 11?

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.
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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.c
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. 
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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? 

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/ , c) What does the Augustus option --alternatives-from-
evidence do?



-15-

Module 7 – Genome Annotation and Differential Expression

Key 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, 
and have a wealth of supporting evidence (like human and C. elegans).
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Key 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. A low 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. 
Illumina 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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Introduction to Differential Expression analysis

Differential Expression

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 
Illumina 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? 

Module Summary
1. Mapping RNA-seq reads to the genome using HISAT2

2. Using Artemis to visualise transcription

3. Using Kallisto and Sleuth to identify differentially expressed genes

4. Using Sleuth to quality check the data

5. Interpreting the results
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1. Mapping RNA-seq reads to the genome using 
HISAT2

We 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 
Illumina 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.

Firstly, make a HISAT2 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_1.fastq -2 MT1_2.fastq -S MT1.sam

Convert the SAM file to a BAM.

samtools view -b -o MT1.bam MT1.sam

Sort the BAM file (otherwise the indexing won’t work)

samtools sort -o MT1_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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1
2

3

4

5

6

7

1. 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.
7. Sliders for scrolling along the DNA.
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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?

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. 

Right click on the BAM view, select Graph, then Coverage.
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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.

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.
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3. Using Kalliso and Sleuth to identify differentially 
expressed genes

Kallisto is 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. 

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 
as full-blown programming languages such as Perl or Python!

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.fastq MT1_2.fastq

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.

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, 
I 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
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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.

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?

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)
Column 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_1402500? 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

Although this gene looked like it was differentially expressed from the plots in Artemis 
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. 
2013 (PMID: 23719378).
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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. q-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 q-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, I 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. Cufflinks (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 I do with a gene list?
Differential 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.  

 

Task 1 
Sexual Development 

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. 

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 
•  Identify 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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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
SL1344 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.

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

Task 2
Georeferencing genomic data 

1
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Background

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-
period is crucial in attempting to identify if this is an outbreak or sporadic infection.

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.

• Tree Builder – SNP-calling and phylogenetic inference
• Antimicrobial Resistance Investigator – ARIBA and Phandango
• Geo-referencer and Reporter – geo-referencing with Microreact
• Presentation – All group members
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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:
• 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: ln –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.

• S. 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.

3

GENERAL INFORMATION
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GENERAL Schematic of task workflow 
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GENERAL INFORMATION

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.

Your isolate names

The isolate names you can see in the subfolders of your group folder. There are two files
for every isolate _1.fastq.gz and _2.fastq.gz. These represent the forward
and reverse reads of paired end sequencing for that isolate.

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!
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GENERAL Schematic of task workflow 
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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!

TREE BUILDERS

GEOREFERENCERS

ANTIMICROBIAL RESISTANCE INVESTIGATORS 

Presenta(on*
Argen&na(
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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

6

Step 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_SL1344_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.

TREE BUILDERS
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Schematic of task workflow 

Paired-end 
sequence reads 
in FASTQ file *

7

Map against reference *

*do for each isolate

Extract variable sites 
and convert format 

TREE BUILDERS

Call SNPS and create 
pseudogenomes *

Create alignment

Construct and interpret 
phylogeny
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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.

8

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 ‘All_pseudogenomes.fa’ that contains all 24 
sequences. You can check all 24 sequences are present by opening it in seaview.

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

TREE BUILDERS

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
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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

9

TREE BUILDERS

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)

Then, back at the command line, run RAxML by typing the following: 

raxmlHPC -m GTRGAMMA -p 12345 –n STm -s All_snps.phy

Recall 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.

-N 20  would run the program with 20 different starting trees 
(which is typically enough to find a problem if one exists) 
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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 > select 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

10

TREE BUILDERS
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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:

ariba prepareref –f out.card.fa –m out.card.tsv out.card.prepareref

ANTIMICROBIAL RESISTANCE INVESTIGATORS

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
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Step 2. Visualise in Phandango
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ANTIMICROBIAL RESISTANCE INVESTIGATORS

Next you will need to run local assemblies and call variants, type:

ariba run out.card.prepareref reads_1.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.run1/report1.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.
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ANTIMICROBIAL RESISTANCE INVESTIGATORS

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.

Some general points to consider are:
• Does the presence of the gene correlate well with the phenotypic results?
• Is it the same in multiple isolates that share the resistance?
• Do you think it is vertically or horizontally transmitted?
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ANTIMICROBIAL RESISTANCE INVESTIGATORS

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.
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GEO-REFERENCERS AND REPORTERS

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

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
their Address and filling out the information in the
Latitude and Longitude columns.

Eventually you will obtain phylogenetic
relationships for your samples from the Tree
Builders in your team, which you will use as the
input for Microreact. For now get started with
Steps 1 and 2.
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GEO-REFERENCERS AND REPORTERS

Step 1: Identify the longitude and latitude of the isolate addresses

Open a browser window and navigate to www.spatialepidemiology.net to obtain latitude
and longitude coordinates for your addresses.

Click on the Create User Maps option on the right hand column (red arrow)

Then click on the 2nd tab Batch Geocode addresses and copy and paste the address column
from your metadata file into this field. Click Start geocoding.
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GEO-REFERENCERS AND REPORTERS

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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GEO-REFERENCERS AND REPORTERS

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

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.

You can include a different name for your projects and a brief description if you would like.

Leave ‘project website’ section blank and your email is optional. Then ‘create project’.
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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.

The resulting map and tree enables you to query your data.
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Other 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.

End of module…

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

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.
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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

•Download VirtualBox for the type of workstation you are using (e.g. Windows) from
http://www.virtualbox.org/wiki/Downloads.
•Double 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.
•Launch 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:

•Insert 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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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. 

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

Click ‘Continue’.

There will now be an ‘Artemis’ (powered off) button in the left hand side of VirtualBox. 
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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 sequence1.dna 1 1596 AF140550.seq
1033 93.00 9041 10501 sequence1.dna 9420 10880 AF140550.seq
828 95.00 6823 7890 sequence1.dna 7211 8276 AF140550.seq
773 94.00 2837 3841 sequence1.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 IV: 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
rRNA: 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:

/class: 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.
/note: 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://www3.ebi.ac.uk/Services/WebFeat/
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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

In this exercise you are going to download two plasmid sequences in EMBL format 
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 
1960s.
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Go to the EBI genomes web page (http://www.ebi.ac.uk/genomes)

Click on the Plasmid hyperlink

Downloading the S. typhi plasmid sequences

Scroll down the page 
to the Salmonella
plasmids
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Press the Shift key and left Click on the 
accession number hyperlink for pHCM1 
(AL513383) in the Plain Sequence column 

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.

Save the EMBL sequence 
in a suitable directory.
For example: 
BLAST_Appendix

BLAST_Appendix
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BLAST_Appendix

In order to run BLASTN you require two DNA sequences in FASTA format. The 
pHCM1 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.

Save the DNA sequence in 
the BLAST_Appendix 
directory

Save as pHCM1.dna 

Also do this for R27.embl 

Appendices



-15-

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. typhi. 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.

$:

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.

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 ls command will list the contents of the present 
working directory).
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$: formatdb)–i)pHCM1.dna)–p)F

At the Command Prompt type:
formatdb –i pHCM1.dna –p F

Press Return

–i designates the input 
sequence: pHCM1.dna

–p designates the sequence type: 
DNA is F (protein would be T)

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).  

$: blastall)–p)blastn)–m)8))–d)pHCM1.dna)–i)R27.dna)–o)pHCM1_vs_R27

At the Command Prompt type:
blastall –p blastn –m 8  –d pHCM1.dna –i R27.dna –o pHCM1_vs_R27

Press Return

You will treat pHCM1.dna as the database
sequence and R27.dna as the query sequence

–p designates the flavour of 
BLAST: blastn (in this instance 
a DNA-DNA comparison)

–d designates the 
database sequence: 
pHCM1.dna

–m 8 designates the 
ACT readable 
output

–i designates the 
query sequence: 
R27.dna

–o designates the 
output file: 
pHCM1_vs_R27

tblastx could be substituted here if a 
translated DNA-translated DNA 
comparison was required

blastall is the 
BLAST program

formatdb is the 
database format program
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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.    

Appendices

The result of the BLASTN comparison shows that there are regions of DNA shared 
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 
the multiple drug resistance seen in the more modern S. typhi plasmid.
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Exercise 2

In 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-
acquired MRSA strain MW2 (BA000033). 
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Go to the EBI genomes web page (http://www.ebi.ac.uk/genomes) as before in 
Exercise 2, and click on the Bacteria hyperlink

Scroll down the 
page to the 
Staphylococcus 
aureus genomes

Downloading the S. aureus genomic sequences

Press the Shift key and left 
Click on the S. aureus
N315 accession number 
hyperlink (BA000018) in 
the Plain Sequence column
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BLAST_Appendix

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

In 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).

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.

Save the EMBL sequence 
in a suitable directory.
For example: 
BLAST_Appendix
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$: formatdb)–i)N315.dna)–p)F

At the Command Prompt type:
formatdb –i N315.dna –p F

Press Return

–i designates the input 
sequence: N315.dna

–p designates the sequence type: 
DNA is F (protein would be T)

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).  

$: megablast))–d)N315.dna)–i)MW2.dna)–o)N315_vs_MW2

At the Command Prompt type:
megablast –d N315.dna –i MW2.dna –o N315_vs_MW2

Press Return

We will treat N315.dna as the 
database sequence and MW2.dna 
as the query sequence

–d designates the database 
sequence: N315.dna

–i designates the query 
sequence: MW2.dna

–o designates the output file: 
N315_vs_MW2

megablast is the program
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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.    

Appendices

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 MW2 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 clinically 
distinct origins?
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Appendix 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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Click on the Pre-computed 
tab. 

Open up a web browser and go to the URL: www.webact.org

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

WebACT can display pairwise 
comparison between up to 5 
sequences. Click here if you 
want to increase the number 
from the default of 2.

In addition to the chromosome 
sequences, plasmids can also 
be displayed by clicking in this 
box
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In the Sequence 1 list select  
Burkholderia pseudomallei 
chromosome 2 (accession 
number BX571966)

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

In the Sequence 2 list select  
Burkholderia mallei 
chromosome 2 (accession 
number CP000011)

Once you have selected the 
sequences click the Next button

Click the Next button

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 
is what we want for this exercise 
as you are going to compare the 
whole chromosomes.
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In the Overview of Selection 
you can see a schematic 
representation of the relative 
size of the two sequence that 
have been chosen to be 
compared.

Click the Download files button

Click the Download files button

In the filename box you can type 
the file name of the zip file 
containing the sequence and 
comparison files. For this 
exercise call the file: 
Burk_chr2_comp.zip

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

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. 

In 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.
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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

Click the Extract button

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

Burk_chr2_comp.zip should now be in 
the Downloads directory

The files contained in the unzipped 
directory should include: 
comparison1_BX571966_vs_CP0000
11, sequence1_BX571966.embl and 
sequence2_CP000011.embl. These are 
the ACT comparison file and the B. 
pseudomalllei and B. mallei 
chromosome 2 EMBL annotation and 
sequence files respectively.

Select a location to extract the files to, such as Desktop

Click the Extract button
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Open up ACT, and load up the comparison (comparison1_BX571966_vs_CP000011) along 
with the two EMBL sequence and annotation files (sequence1_BX571966.embl and 
sequence2_CP000011.embl). If you get a warnings window asking if you want to read 
warning, click No.

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

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

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.

If 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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Clicking on the 
�Generate� tab will take 
you to this page

If 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 
exercise to <100 kb. The the web site can handle larger sequences, but it will just take longer.

Cut and paste sequence

Upload file

Type accession number

Click here for BLAST 
options, such as changing 
from the default BlastN to 
TBlastX, and altering the 
BLAST cutoffs

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. 

Number of sequences to compare
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Appendix VII: Useful Web addresses

Major Public Sequence Repositories
DNA Data Bank of Japan (DDBJ) http://www.ddbj.nig.ac.jp
EMBL Nucleotide Sequence Database http://www.ebi.ac.uk/embl
Genomes at the EBI http://www.ebi.ac.uk/genomes
GenBank http://www.ncbi.nih.gov/Genbank

Microbial Genome Databases Resources
Sanger Microbial Genomes http://www.sanger.ac.uk/Projects/Pathogens
GeneDB http://www.genedb.org
Institute Pasteur GenoList databases http://genolist.pasteur.fr
Including: SubtiList, Colbri, TubercuList, 
Leproma, PyloriGene, MypuList, ListiList, 
CandidaDB.
Pseudomonas Genome Database http://www.pseudomonas.com
Clusters of Orthologous Groups of proteins (COGs) http://www.ncbi.nlm.nih.gov/COG
ScoDB (S. coelicolor database) http://streptomyces.org.uk
GenProtEC http://genprotec.mbl.edu

Protein Motif Databases
Prosite http://www.expasy.ch/prosite/
Pfam http://pfam.sanger.ac.uk
BLOCKS http://blocks.fhcrc.org
InterPro http://www.ebi.ac.uk/interpro/
PRINTS http://umber.sbs.man.ac.uk/dbbrowser/PRINTS/
SMART http://smart.embl-heidelberg.de

Protein feature prediction tools
TMHMM Transmembrane helices prediction http://www.cbs.dtu.dk/services/TMHMM-2.0/
SignalP Prediction Server http://www.cbs.dtu.dk/services/SignalP/
PSORT protein prediction http://psort.ims.u-tokyo.ac.jp/form.html

Metabolic Pathways and Cellular Regulation
EcoCyc http://ecocyc.org/
ENZYME http://www.expasy.ch/enzyme/
Kyoto Encyclopedia of Genes and Genomes (KEGG)http://www.genome.ad.jp/kegg
MetaCyc http://metacyc.org/

Miscellaneous sites
NCBI BLAST website http://www.ncbi.nlm.nih.gov/BLAST/
EBI FASTA website http://www.ebi.ac.uk/fasta33/index.html
The tmRNA website http://www.indiana.edu/~tmrna/
tRNAscan-SE Search Server http://selab.janelia.org/tRNAscan-SE/
Rfam http://rfam.sanger.ac.uk/
Codon usage database http://www.kazusa.or.jp/codon/
GO Gene Ontology Consortium http://www.geneontology.org/
Artemis homepage http://www.sanger.ac.uk/Software/Artemis/
ACT homepage http://www.sanger.ac.uk/Software/ACT/
WebACT http://www.webact.org/WebACT/home
Double ACT http://www.hpa-bioinfotools.org.uk/pise/double_act.html
Glimmer http://cbcb.umd.edu/software/glimmer/
EasyGene http://www.cbs.dtu.dk/services/EasyGene/
String http://string.embl.de
EMBOSS 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 2.1.3 Degradation of polysaccharides
2.1.2 Degradation of RNA 2.1.4 Degradation of proteins, peptides, glycoproteins

2.2.0 Macromolecule synthesis, modification
2.2.01 Amino acyl tRNA synthesis; tRNA modification 2.2.07 Phospholipids
2.2.02 Basic proteins - synthesis, modification 2.2.08 Polysaccharides - (cytoplasmic)
2.2.03 DNA - replication, repair, restriction./modification 2.2.09 Protein modification
2.2.04 Glycoprotein 2.2.10 Proteins - translation and modification
2.2.05 Lipopolysaccharide 2.2.11 RNA synthesis, modif., DNA transcrip.
2.2.06 Lipoprotein 2.2.12 tRNA

3.0.0 Metabolism of small molecules
3.1.0 Amino acid biosynthesis

3.1.01 Alanine 3.1.08 Glutamine 3.1.15 Phenylalanine
3.1.02 Arginine 3.1.09 Glycine 3.1.16 Proline
3.1.03 Asparagine 3.1.10 Histidine 3.1.17 Serine
3.1.04 Aspartate 3.1.11 Isoleucine3.1.18 Threonine
3.1.05 Chorismate 3.1.12 Leucine 3.1.19 Tryptophan
3.1.06 Cysteine 3.1.13 Lysine 3.1.20 Tyrosine
3.1.07 Glutamate 3.1.14 Methionine 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) 3.2.09 Molybdopterin
3.2.02 Biotin 3.2.10 Pantothenate
3.2.03 Cobalamin 3.2.11 Pyridine nucleotide
3.2.04 Enterochelin 3.2.12 Pyridoxine
3.2.05 Folic acid 3.2.13 Riboflavin
3.2.06 Heme, porphyrin 3.2.14 Thiamin
3.2.07 Lipoate 3.2.15 Thioredoxin, glutaredoxin, glutathione
3.2.08 Menaquinone, ubiquinone 3.2.16 biotin carboxyl carrier protein (BCCP)

3.3.0 Central intermediary metabolism
3.3.01 2'-Deoxyribonucleotide metabolism 3.3.11 Nucleotide interconversions
3.3.02 Amino sugars 3.3.12 Oligosaccharides
3.3.03 Entner-Douderoff 3.3.13 Phosphorus compounds
3.3.04 Gluconeogenesis 3.3.14 Polyamine biosynthesis
3.3.05 Glyoxylate bypass 3.3.15 Pool, multipurpose conversions of intermed. metab.
3.3.06 Incorporation metal ions 3.3.16 S-adenosyl methionine
3.3.07 Misc. glucose metabolism 3.3.17 Salvage of nucleosides and nucleotides
3.3.08 Misc. glycerol metabolism 3.3.18 Sugar-nucleotide biosynthesis, conversions
3.3.09 Non-oxidative branch, pentose pathway 3.3.19 Sulfur metabolism
3.3.10 Nucleotide hydrolysis 3.3.20 Amino acids
3.3.21 other

3.4.0 Degradation of small molecules
3.4.1 Amines 3.4.4 Fatty acids
3.4.2 Amino acids 3.4.5 Other
3.4.3 Carbon compounds 3.4.0 ATP-proton motive force

3.5.0 Energy metabolism, carbon
3.5.1 Aerobic respiration 3.5.5 Glycolysis
3.5.2 Anaerobic respiration 3.5.6 Oxidative branch, pentose pathway
3.5.3 Electron transport 3.5.7 Pyruvate dehydrogenase
3.5.4 Fermentation 3.5.8 TCA cycle

3.6.0 Fatty acid biosynthesis
3.6.1 Fatty acid and phosphatidic acid biosynthesis

3.7.0 Nucleotide biosynthesis
3.7.1 Purine ribonucleotide biosynthesis 3.7.2 Pyrimidine ribonucleotide biosynthesis

4.0.0 Cell envelop
4.1.0 Periplasmic/exported/lipoproteins 4.1.3 Outer membrane constituents
4.1.1 Inner membrane 4.1.4 Surface polysaccharides & antigens
4.1.2 Murein sacculus, peptidoglycan 4.1.5 Surface structures

4.2.0 Ribosome constituents
4.2.1 Ribosomal and stable RNAs 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
5 (Sky blue) - Degradation of large molecules
6 (dark pink) - Degradation of small molecules
7 (yellow) - Central/intermediary/miscellaneous metabolism
8 (light green) - Unknown
9 (light blue) - Regulators
10 (orange) - Conserved hypo
11 (brown) - Pseudogenes and partial genes (remnants)
12 (light pink) - Phage/IS elements
13 (light grey) - Some misc. information e.g. Prosite, but no function

Appendix X: List of degenerate nucleotide value/IUB Base Codes.

R = A or G

S = G or C

B = C, G or T

Y = C or T

W = A or T

D = A, G or T

K = G or T

N = A, C, G or T

H = A, C or T

M = A or C

V = A, C or G
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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:

Appendix2X24 Assembly
Here2we2present2the2solution2for2the2de2Bruijn2graph2exercise,2as2well2as2the2code2for2the2
PERL2scripts2we2mentioned2in2the2assembly2module.

It is not always easy and might be confusing
which node to connect. Remember, the
concept of k-mers and the de Bruijn graph
are needed to be able to process the large
amount of short reads generated by the
sequencing machines.

The graph can also be represented as a
multiple alignment, as shown on the right
hand site. All reads are aligned against each
other. The dotted boxes are examples of k-
mers. GAGCTG

AGCTGG
GCTGGT
CTGGTG
TGGTGA
GGTGAT
GTGATC
TGATCA
GATCAG
ATCAGC
TCAGCG
CAGCGA
AGCGAG
GCGAGC
CGAGCT

AGCTG

GCTGG

CTGGT

TGGTG

GGTGA

GTGAT

TGATC GATCA

ATCAG

TCAGC
CAGCG

AGCGA

GCGAG

CGAGC
GAGCT

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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For 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 
programming! It should give you an idea how useful programming could be.

PERL:2Find2read2pairs2that2map2too2far2apart

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 
($read,$flag,$ref,$pos,$mappingQual,$cigar,$mateRef,$matePos,$insertSize,$seq,$
seqQual,$other)=split(/\t/); if($insertSize>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 
($read,$flag,$ref,$pos,$mappingQual,$cigar,$mateRef,$matePos,$insertSize,$seq,$
seqQual,$other)=split(/\t/); if($insertSize>2000){print 
int($pos/1000)."\t".int($matePos/1000)}' | sort | uniq -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 (2nd column) with the second bin (3rd 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 
($read,$flag,$ref,$pos,$mappingQual,$cigar,$mateRef,$matePos,$insertSize,$seq,$
seqQual,$other)=split(/\t/); if($insertSize>10000 && $pos>75000 && $matePos < 
1300000){print int($pos/1000)."\t".int($matePos/1000)}' | sort | uniq -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)! 
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Here is an example of how to get the mates of non mapping reads. It is a good example of 
PERL one-liners.

Getting)non)mapping)reads)and)their)mates

First we are going to get reads that don’t map with PERL. The original command is:

$ samtools view -f 0X4 IT.Chr5.bam | head

In PERL this would be:
$ samtools view IT.Chr5.bam | perl -nle 'my 
($read,$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:

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 
($read,$flag)=split(/\t/); if ($flag & 0x4 or $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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41-3 1 GAA|GTACACA..CCTTCTTTTTCCATATTTAG|CAA 152
2 AAT|GTTAAAA...TTTTTTTTTTTAAACTTAG|CCG 208
3 GAG|GTAAGAA...ATTCATTATATATTTATAG|GGA 86
4 TCG|GTATGGA...TTTTGAAATACTTCCTCAG|TTA 152
5 ACT|GTAATAT..TTTTTTTTTTTATTTCCTAG|ATG 112

6 CAG|GTAAATA..ATAATGACATTTTGATACAG|ATT 120
7 AAT|GTACATT..TTATTTTTATTTATTTATAG|AAA 81
8 TAG|GTATTTG..ATATTTTTTACTTATGATAG|TTA 96

RhopH3 1 AGG|GTAATAT..TTTATTTTATTTTTTTTTTA|TTT 150
2 GGA|GTAAGAG..TTTTTATTATTTTATTGTAG|TCC 442

3 GGA|GTAAGAG..TTTTTATTATTTTATTGTAG|TCC 199
4 CAG|GTAYGCT..TTTAATTTTTTTTTCCTTCA|TCA 160
5 AAA|GTAAGAA..TATTTTTTTACAATTTTTAG|TTC 206
6 AAG|GTAAAAG..TTTTTTTTTTTTTGTTTCAG|TTT 142

RNA pol III 1 CAG|GTACATA..TTTTTTTTTTTTTTTTTTAG|GTG 158

2 CAA|GTAATTA..TATATTTTATTTTTTCTTAG|GTT 113
3 TAC|GTTAGTT..TTTTTTTTTTTTTTTTTTAG|TGG 169
4 ATT|GTAAGTT..TATTTTTTTTTTTTTTTTAG|TGA 112

SERA 1 TGT|GTAAGAA..TTGTCATTATTTTTTTTTAG|GTG 158
2 AAA|GTATAAA..TTTATTTATTTTTTTTTTAG|ATA 175

3 CAG|GTAAATA..TTTTAATTTTTTTGTTTTAG|AAA 129
SERP H 1 CTG|GTTTGTC..CATATATTTCTTTATTTTAG|ATA 345

2 AGA|GTAAAAA..TTTCTTATATTTTCTTTTAG|GTG 92
3 CTG|GTTTGTC..CATATATTTCTTTATTTTAG|ATA 116

Ag15 1 ATG|GTAAGAG..TATTTTTGATACCTTTATAG|AGT 214

2 AAA|GTAATTA..CAATCATATTAACACAAAAG|ATG 280
PfGPx 1 GAG|GTATACA..TTATTATTCCCTTGCTTTAG|ATC 208

2 TCG|GTTAGTA..TATTTATCATTTTTTTCCAG|ATG 168
Calmodulin 1 GAA|GTAAATC..TTTTTTATTTTTCTCATTAG|CTA 480
PfPK1 1 TAG|GTGTGTT..TCATTACATTTTTACCTTAG|GAT 101

MESA 1 TTA|GTAAGTT..CGTAATATATTTTTTTTTAG|GAT 122
Aldolase 1 ATG|GTAAGAA..TATTTTTATATTTTTTTTAG|GCT 452
KAHRP 1 AAC|GTAAGTT..TTATTTTTTTTTTCATATAG|TGC 430
GBPH2 1 TTG|GTATGCC..TTTGTATTATTTAATTTTAG|AAT 157
GBP 1 TTG|GTATG....TGTGTATTGTTTATTTTTAG|AAT 179

FIRA 1 TGT|GTAAGGA..TTTTTATATTTTTTCTTTAG|CGA 175
GARP 1 AAG|GTAACAA..TATATGTATTTTTTTTTTAG|TGC 214

Gene No. Exon Intron Exon Size (bp)

Acceptor motifDonor motif

Appendix XI Splice site information

The splice acceptor and donor sequences for several P. falciparum genes: adapted from 
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/

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

You can acceess the sequence read archive through the following sites:  
http://www.ncbi.nlm.nih.gov/sra
http://www.ebi.ac.uk/ena

Exercise

It'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

Now follow the step-by-step instructions to download this data. 

Click on ‘Nucleotide 
Sequences’

Click on the link 
‘SRA Run’
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A list of all 
the RNA 
experiment
s will come 
up. Click 
on the red 
arrow to 
expand the 
window.  

Click on 
‘Runs’

Now you 
can 
download 
the RNA-
Seq data. 
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Once downloaded the fastq file from the SRA, you can first have a look at the format.

Open up a terminal and navigate to where you saved the fastq file:

$ gunzip ERR006186_1.fastq.gz
$ more ERR006186_1.fastq

Each sequence read is 
represented by four 
lines

Appendix XIII continued. 

1. IL7_1788:2:1:16:501
is the sequenced fragment, /1 
and /2 refer to the forward and 
reverse (paired-end) reads 
respectively.

2. The read sequence

3. Sequence/quality line separator

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.
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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.io/bcftools/bcftools.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/image2/
iCORN: http://sourceforge.net/projects/icorn/files/
PAGIT: http://www.sanger.ac.uk/science/tools/pagit

Appendix XIV 
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