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Topics for the course

● Sequences in Biology – what do we study?
● Sequence comparison and searching – how to quickly find 

relatives in large sequence banks
● Tree-of-life and its construction(s)
● Short sequence mapping – where did this word come from
● DNA sequencing and assembly – puzzles for experts
● Sequence segmentation – finding modules by flipping coins
● Data storage and compression – from DNA to bits and back 

again
● Structures in Biology – small and smaller



  

Books to read more

Norbert Dojer slides on Genome Scale Technologies 2 course



  

How to make it efficient

● Diverse audience, I don’t know what you know
● Please do interrupt me if you have a question!
● I will not go very deeply into biological details, so 

if you want more, please ask me later for links to 
more materials

● I will not go deeply into proofs or derivations, so 
if you want more, please ask me later for links to 
more materials 

● If you need to ask later: bartek@mimuw.edu.pl



  

DNA structure



  

The DNA is not the only sequence



  

Finding related sequences

● Assume we have a new sequence of a 
previously unknown species (a new virus, 
bacteria, etc).

● Can find find its closest relative in the database 
of known DNA sequences?

● How quickly can this be done?



  

The growing problem

● The cost of sequencing is decreasing 
exponentially and the throughput is increasing



  

Naturally databases grow too...



  

What do we know from yesterday?



  

Reversing the 
nearest sequence problem



  

Near diagonal in DP matrix?



  

FASTA search for short ID matches



  

Improve on this idea...



  

Hashing words similar to the query



  

Extending words to segments



  

High scoring segment pairs (HSP)



  

Complete BLAST algorithm

● Basic Local Alignment 
Search Tool

● Hashing words similar 
to query

●  Finding pairs of 
matches to the same 
sequence

● Searching for 
Maximal Segment 
Pairs among HSPs



  

Looking for rare findings



  

BLAST E-values



  

Altschul Karlin 1990



  

Target frequencies



  



  

We can choose the best matrix



  

“proof” of the “theorem”



  



  

BLAST summary

● Sufficiently fast  heuristic approach
● Smart approach to the problem allows linear 

speedup of the result
● Heuristic based on statistical reasoning, but not 

using statistical model as in the rigorous 
manner

● Currently the most popular bioinformatical tool 



  

Next Generation Sequencing

● NGS gives millions of 
short reads (30-
200bp) instead of 1 
longer read (up to few 
kb)
– Desk-size devices,

– costly chemistry (in 
1000$ range for ~1TB 
of data) 

– error rates ~0.0001



  

Single molecule sequencing

● Oxford nanopore 
MiniION on the ISS 
(Aug 2016) 

● Single molecule 
sequencing is in the 
prototype phase – gives 
even longer reads (up 
to 100kb), but with large 
error rate (~10%) 

● Small devices for single 
used are promised to 
cost below 1000$



  

How to map a  short sequence 
to the genome?

● We frequently sequence DNA originating from a 
genome closely related to a known one (e.g. 
human patient samples, bacteria, viruses, etc)

● Even though they are closely related, they are 
not identical (remember, mutations?)

● Sequence reads are short (30-100), genomes 
are long (up to 10^10)

● Obviously we need faster methods than DP



  

Text searching algorithms

● Exact searching (Knuth-Morris-Pratt, Boyer-
Moore) : not applicable

● Many reads and one genome – we would like to 
index the genome to be able to process the reads 
quickly

● We need to take errors and variants into account, 
but hopefully not too many of them in a single read

● We should consider text indexes (Suffix trees, suffix 
arrays and Burrows-Wheeler transform)



  

Something about SNPs

● Single nucleotide polymorhism (SNP) a position 
in the genome where a natural variation in 
population occurs



  

Genotyping vs. Sequencing

● Many commercial 
services offer genotyping 
(usually not sequencing) 
for very low prices

● Some of this information 
might be important if you 
are sick

● Most of the information 
provided by such 
companies is pure noise 
and correlative data

● Data security is a big 
issue



  



  



  



  

 



  



  



  



  



  



  



  



  

BWT mapping summary

● Effective tools are used in short read mapping 
using BWT and FMI

● Index can be linear in genome size and match 
finding with small (<3) number of mismatches is 
feasible

● Large number of mismatches works against 
these methods



  

Even faster read mapping?

● Sometimes we can agree to a worse mapping 
efficiency (some random reads not mapped) if it 
increases the speed of overall mapping

● This is in particular true in cases where we want 
to count reads rather than identify the variants

● One such case is mRNA expression profiling, 
when we are interested in relative abundances 
of fragments of the reference sequence



  



  

RNAseq Reads mapped to the genome



  

STAR – ultrafast read mapping 
(Dobin et al. 2012)



  

Alignment free RNA 
quantitation

● Sailfish method 
(Patro et al. 2014)

● We can simply count 
unique k-mers in the 
reads and use only 
those to quantify 
transcripts

● 25x speed 
improvement, without 
much loss in 
accuracy



  

Kallisto -even faster quatitation

● Kallisto method (Bray 
et al. 2015)

● Introducing a graph of 
overlapping k-mers for 
the different 
transcripts as an index

● Better implementation 
gives another 10x 
speed improvement



  

Sequencing by Hybridization



  

Sequence reconstruction
● Given the spectrum of observed k-mers, we can 

reconstruct the sequence
● Direct approach leads to the Hamiltionian path problem 

(NP-Complete)
● Small change in the k-mer representation leads to Eulerian 

path finding (Pevzner 2000)



  

A historical digression 
on DNA sequence assembly

● Human Genome 
project 
– Started in 1984,  

funding since 1990, 
finished in 2003

– ~$3 billion

– Results announced in 
2000 by the US 
president Clinton and 
UK prime minister Blair

● Celera genomics 
project
– Started later in 1996

– Budget ~$300 million 

– Aimed to 
commercialize 
genomic information

– Results announced 
jointly with HGP



  

HGP announcement

● First draft announced jointly by two competing 
consortia

● Brought fame to Craig Venter and Francis Collins, but 
prevented genome commercialization



  

Classical genome assembly (HGP)

● Oredrly process with restriction mapped 
fragments and scaffold assembly



  

Shotgun genome sequencing 
(Celera, E. Myers)



  

Take-home message from HGP

● Celera started later and could take advantage 
of much more computing power, therefore did 
not waste so much time on planning different 
stages of the process

● In this case the Moore’s law and smart 
computer scientists (E. Myers in particular) 
helped in speeding up the process



  

Sequence asembly from short reads

VELVET assembler, Zerbino et al. 2008 



  

Simplification of deBruijn graph

● We can compress paths without forks

VELVET assembler, Zerbino et al. 2008 



  

Tips and bubble removal

VELVET assembler, Zerbino et al. 2008 



  

De novo assembly

● De novo assemblers (VELVET, Spades, etc.) are 
ressurecting the idea behind Sequencing by 
hybridization

● Even though there are limitations to their use 
(repetitive regions, k-mer length, memory 
constraints) they are very useful in contig 
creation from raw reads

● Many heuristic improvements and specialized 
tools for specific applications 



  

Metagenomics

● Popularized by Craig Venter in Global Ocean 
Sampling expedition

● Shotgun sequencing of microbes from Sargasso sea
● Identified many novel gene sequences without 

attributing them to specific species
● Now very frequently done in other environments: soil, 

human skin, human intestine
● Helpful in finding new important enzymes (from soil 

around chemical waste facilities)
●  Identified some microbes that are relevant for human 

health



  

Dr Venter and his projects
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