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Human genome

3.2 billion base pairs (~ 2 meters unpacked)
 
46 chromosomes:
22 pairs of autosomes and X, Y

Four-letter alphabet:
A, T, G, C
Double helix:
Forward and reverse strands
(two directions!!!)
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https://www.pacb.com/blog/the-evolution-of-dna-sequencing-tools/

Sequencing epoch

First generation Second generation Third generation

Next generation sequencing (NGS)
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What do we sequence?

DNA

RNA (cDNA)

Whole genome studies

Analyze epigenetic modifications

Whole exome studies

Targeted panels

Analyze 3D genome structure

Analyze chromatin

Whole transcriptome studies

mRNA studies

Non-coding RNA studies

Targeted RNA studies

Single-
cell DNA 
and RNA

Various studies enabling 
understanding variability of 
individual cells

Human genome

DNA

RNA
Transcription
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A new routine…  

https://doi.org/10.15252/msb.20156651
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https://doi.org/10.15252/msb.20156651
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Few slides about technology…



How do we sequence DNA (technology)
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Zixin Xu/Biorender

NGS Sequencing technology (Illumina platform) 

Single-end vs.
Paired-end sequencing

F

R
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https://app.biorender.com/profile/zixin_xu


Paired-end sequencing technology (Illumina platform)

Clusters
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https://www.youtube.com/watch?v=oIJaA6h2bFM

Four channel chemistry in NGS sequencing

Add 4 fi-NTPs and 
Polymerase

Take 4 
images

Cleave off 
terminator and 
fluorescent dye
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https://www.youtube.com/watch?v=tuD-ST5B3QA

Illumina four-color sequencing by synthesis
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Different chemistry and different cells = different errors

Quality?

12And there are other technologies too…
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How do we make sense of the reads?  



Hundreds billions of reads

(100-150 length each, raw)

The task of mapping…

14



Coverage fig from: https://www.thermofisher.com/es/es/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-
molecular-biology/next-generation-sequencing/ngs-data-analysis-illumina.html

Finding the best position for every read in the reference string
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Reads

Genotyping

Mapping
Alignment

Dynamic programming
(usually)

Interpretation

BAM
SAM



SAM file which tells us about fate of each read after alignment

Output for one read
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SAM files are often very big:100-500+ Gb
Even for exome  



What do we get as a result of mapping?

IGV browser helps to view alignment results
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A closer look

IGV browser helps to view alignment results
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Arch Pathol Lab Med. 2020;144(9):1118-1130. doi:10.5858/arpa.2019-0476-RA

Genome Analysis 
Toolkit (GATK)

Pipelines are important
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https://gatk.broadinstitute.org/hc/en-us
https://gatk.broadinstitute.org/hc/en-us


Genotyping results
We need to map and align reads to learn about genotype

Mapped and 
aligned reads Genotyping
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Genome indexing

BWT/BWT-FM Hashing Other suffix
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How are the reads mapped to the genome?

Modified from: https://doi.org/10.1186/s13059-021-02443-7

Compressed Suffix 
Arrays (CSA) 
(Grossi and Vitter)
FM-index 
(Ferragina and 
Manzini)



The algorithm behind the calculation of seeds in BWA-MEM depends on the FM index, a data structure introduced by Ferragina 

and Manzini.

FM-index allows searching for any given pattern P in a collection of text in O(|P | log n + occ log2 n) and occupy O(n) bits

BWT/FM index utilizes the underlying properties of the Burrows Wheeler Transform introduced by Burrows and Wheeler and Last-

to-first mapping

BWT and FMD index of T = ataacgcgttat

DOI: 10.13140/RG.2.2.33045.19687

How are the seeds found in the reference?

22https://curiouscoding.nl/posts/bwt/
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Different implementations on CPU and GPU 

Bowtie is an alignment instrument 

that uses the BWM and LF mapping

methods, and performs 

backtracking using the greedy

algorithm to cope with inexact or 

uncertain matches

10.1109/ACCESS.2020.3031159
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Seed extension and alignment

DP

Pairwise alignment techniques

Non-DP/Mixed

Smith-Waterman 28.3%

Needleman-Wunsch 16.2%

Hamming distance 19.2%

Heuristic 13.1% 

Multiple Methods 9.1%

Numbers are from: https://doi.org/10.1186/s13059-021-02443-7

Pair global Pair local

Needleman-Wunsch Smith-Waterman

Edit distance:
Levenshtein Distance vs. Hamming Distance 

+ Hirschberg's algorithm
(space-efficient version of 
the Needleman–Wunsch)

+ Landau-Vishkin

Types of paired alignment: 



Needleman-Wunsch algorithm

The algorithm was developed by Saul B. Needleman and Christian D. Wunsch and 
published in 1970. Time complexity is O(mn) for sequences of m and n length.
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Smith-Waterman algorithm
The algorithm was first proposed by Temple F. Smith and Michael S. Waterman in 1981.

The main difference to the Needleman–Wunsch algorithm is that negative scoring matrix cells are set to zero. 
Can be optimized to O(mn) complexity for sequences of m and n length.

Alignment

CGA
|||
CGA

3

2
1
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Landau-Vishkin algorithm for Approximate String Matching

ACM Computing Surveys, Vol. 33, No. 1, March 2001, pp. 31–88
JOURNAL OF ALGORITHMS 10,157-169 (1989)

The parallel algorithm requires O(logm+k) using n processors
The serial algorithm runs in O(nk) time for an alphabet whose size is fixed.

Ukkonen O(k2) algorithm: 
Computes the edit distance.
The way to compute the strokes in diagonal transition 
algorithms.
The solid bold line is guaranteed to be part of the new 
stroke of e errors, while the dashed part continues as 
long as both strings match.

Landau-Vishkin algorithm:
Dynamic programming matrix is computed diagonal-
wise (i.e. stroke by stroke) instead of column-wise.

The diagonal transition matrix to search "survey" in 

the text "surgery" with two errors. Bold entries 

indicate matching diagonals. The rows are e

values and the columns are the d values.

A recurrence on diagonals (d) and number of errors (e), 
instead of rows (i) and columns ( j ), is set up in the 
following way:
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Variation-aware read alignments with Landau-Vishkin algorithm

https://doi.org/10.1186/s12911-019-0960-3
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From: https://doi.org/10.1186/s13059-021-02443-7

Performance of different alignment algorithms on CPU



Combination of algorithms utilized by read alignment tools

https://doi.org/10.1186/s13059-021-02443-7 30

Based on studies of 107 read alignment tools that were designed for the short- 
and long-read sequencing technologies and were published from 1988 to 2020



DOI: 10.13140/RG.2.2.33045.19687

BWA-MEM Aligner

The conception of seeded alignment:

➢ Uses FM-index

➢ The seeds are maximal exact matches (MEMs). 

➢ MEMs cannot be extended either forward or backward without creating a 

mismatch 

➢ MEM can represent a super-maximal exact match (SMEM) if it is not 

contained in any other MEMs on the query sequence. 

➢ The extension of SMEMs is performed using the Smith-Waterman dynamic 
programming algorithm.

31
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Influence of Different Alignment Tools on the Results

Preparation

&

Sequencing

Reads

Processing

Alignment
Variant

Calling

Interpretation

Errors

https://doi.org/10.1038/s41598-023-34925-y

Somatic mutations

https://doi.org/10.1155/2015/456479
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Several ambiguity problems…
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Repeats

read1 read1 read1

?

1. Ambiguity of reference

• SINEs 12.8%

• Retrotransposon 0.15%

• LINEs 20.7%

• LTRs 8.8%

• DNA transposons 3.6%

• Tandem Simple repeats 8%

TOTAL ~54%.



Single-end and paired-end philosophy

Paired-end

Single-end
F

RF

repeats repeats
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Performance of various aligners on simulated short reads 
from human genome

%
 m
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p

e
d

 r
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d
s

From: Li (Broad Institute), http://arxiv.org/pdf/1303.3997v2.pdf

Single-end Paired-end 
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Most popular DNA aligners do perform paired-end

doi:10.1038/hdy.2016.102
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2. Ambiguity of alignment
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https://doi.org/10.1038/hdy.2016.102
39

SNP callers can reevaluate alignment  
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3. Ambiguity of reads

Reference genomeSource of reads

?

The problem get worse for the long reads 
where special tools were also developed
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4. Ambiguity of letters

https://doi.org/10.1186/s12864-019-5569-5

No error
amplification

Exponential
error

amplification

Reads may contain errors!!!

+ Sequencing errors

Errors arising during library preparation



What do we know about read quality of reads?
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. 

Q = -10 log10 P

Sequence quality: Phred quality scores, Q

P = 10-Q/10

Phred score 20
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DOI: 10.24918/cs.2021.17

The good, the bad and the ugly reads
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http://dx.doi.org/10.24918/cs.2021.17
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The reads differ from the genome by a certain rate of ‘real’ substitutions (0.2, 0.5, 1 or 2%) plus sequencer errors. Circles indicate a 
score cutoff of 150/or 180. Dotted lines show the accuracy when we model the substitutions but not the sequencer errors. Dashed 
lines show the accuracy when we model the sequencer errors but not the substitutions. Solid lines show the accuracy for both.

Incorporating sequence quality data into alignment

Mapping accuracy for 100 000 
simulated 36-nt reads

Mapping accuracy for 100 000 
simulated 51-nt reads

doi:10.1093/nar/gkq010
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Thank you!
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