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The next block 

• So far:  
find an exact string in a large text 

• Next:  
find a mutated string in a very large 
database of texts 
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Which species are closer? 
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Anatomical features were 
the dominant criteria used 
to derive evolutionary 
relationships between 
species since Darwin till 
early 1960s 



Early Evolutionary Studies 

• The evolutionary relationships 
derived from often relatively 
subjective observations were 
often inconclusive.  
 

• Some (many?) of them were 
later proved incorrect. 



Evolution and DNA Analysis:  
the Giant Panda Riddle 

• For roughly 100 years scientists 
were unable to figure out which 
family the giant panda belongs to 
 

• Giant pandas look like bears but 
have features that are unusual for 
bears and typical for raccoons, e.g., 
they do not hibernate 
 

• In 1985, Steven O’Brien and 
colleagues solved the giant panda 
classification problem using DNA 
sequences and algorithms 
 



Evolutionary Tree of Bears and Raccoons 



Evolutionary Trees: DNA-based Approach 

• 50 years ago: Emile Zuckerkandl 
and Linus Pauling brought 
reconstructing evolutionary 
relationships with DNA into the 
spotlight  

• In the first few years after 
Zuckerkandl and Pauling proposed 
using DNA for evolutionary 
studies, the possibility of 
reconstructing evolutionary trees 
by DNA analysis was hotly debated 

• Now it is a dominant approach to 
study evolution.  

“Molecular Disease, 
Evolution and Genetic 
Heterogeneity” (1962) 

Japan, 1986 



Out of Africa Hypothesis 

• Around the time the giant panda 
riddle was solved, a DNA-based 
reconstruction of the human 
evolutionary tree led to the Out of 
Africa Hypothesis that claims our 
most ancient ancestor lived in 
Africa roughly 200,000 years ago 



Multiregional: 
• Humans evolved in the last 

two million years as a single 
species. Independent 
appearance of modern traits in 
different areas 

• Humans migrated out of Africa 
mixing with other humanoids 
on the way 

• There is a genetic continuity 
from Neanderthals to humans 

 

Out of Africa: 
• Humans evolved in Africa 

~150,000 years ago 
• Humans migrated out of 

Africa, replacing other 
humanoids around the globe 

• There is no direct decadence 
from Neanderthals 



Sequencing Neanderthal’s mtDNA  

• mtDNA from the bone of Neanderthal is used 
because it is up to 1,000x more abundant than 
nuclear DNA 

• DNA decay overtime and only a small amount 
of ancient DNA can be recovered  
(upper limit: 100,000 years) 



Neanderthals vs Humans:  
surprisingly large divergence     

  
 

AMH vs Neanderthal: 

22 substitutions and 6 
indels in 357 bp region 

 
AMH vs AMH 

only 8 substitutions 

AMH: Anatomically modern human 
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Human Evolutionary Tree 

http://www.mun.ca/biology/scarr/Out_of_Africa2.htm 



Human Migration Out of Africa 

http://www.becominghuman.org 

1. Yorubans 
2. Western Pygmies 
3. Eastern Pygmies 
4. Hadza 
5. !Kung 

1 
2 3 4 
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SEQUENCE ALIGNMENT 

 

Sequence alignment is important for: 
 
• prediction of function 
• database searching 
• gene finding 
• sequence divergence 
• sequence assembly. 
 



 
• Homology: genes that derive from a common 

ancestor-gene are called homologs 
 

• Orthologous genes are homologous genes in 
different organisms 
 

• Paralogous genes are homologous genes in one 
organism that derive from gene duplication 
 

• Gene duplication: one gene is duplicated in 
multiple copies that therefore free to evolve and 
assume new functions 
 

On sequence similarity 



18 

HOMOLOGOUS and PARALOGOUS 
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HOMOLOGOUS and PARALOGOUS 

http://upload.wikimedia.org/wikipedia/en/5/5b/Evolution_pl.png�


20 

versus ANALOGOUS 
HOMOLOGOUS and PARALOGOUS 

-> independent evolution 
of similar features 

(Beuteltiere) 

(höhere Säugetiere) 



Causes for sequence (dis)similarity 

• mutation:  a nucleotide at a certain location is 
replaced by another nucleotide  
(e.g.: ATA → AGA) 
 

• insertion:  at a certain location one new 
nucleotide is inserted in between two existing 
nucleotides  
(e.g.: AA → AGA) 
 

• deletion:  at a certain location one existing 
nucleotide is deleted  
(e.g.: ACTG → AC-G) 
 

• indel:   an insertion or a deletion 



Sequence alignment: global and local 

• Find the similarity between two (or more) 
DNA-sequences by finding a good  
alignment between them. 
 

• Types: global vs. local 
 



The biological problem of sequence alignment 

DNA-sequence-1 
 
 tcctctgcctctgccatcat---caaccccaaagt 
 |||| ||| ||||| |||||   |||||||||||| 
 tcctgtgcatctgcaatcatgggcaaccccaaagt 
 
DNA-sequence-2 
 

Alignment 



Sequence alignment - definition 

• Sequence alignment is an arrangement of 
two or more sequences, highlighting their 
similarity.  
 

• The sequences are padded with gaps (dashes) 
so that wherever possible, columns contain 
identical characters from the sequences 
involved 
 

tcctctgcctctgccatcat---caaccccaaagt 
|||| ||| ||||| |||||   |||||||||||| 
tcctgtgcatctgcaatcatgggcaaccccaaagt 
 





Algorithms 

• Needleman-Wunsch 
 Pairwise global alignment only. 

 
• Smith-Waterman 
 Pairwise, local (or global) alignment. 

 
• BLAST 
 Pairwise heuristic local alignment 



Pairwise alignment 

• Pairwise sequence alignment methods are concerned with 
finding the best-matching piecewise local or global 
alignments of protein (amino acid) or DNA (nucleic acid) 
sequences. 

 
• Typically, the purpose of this is to find homologues 

(relatives) of a gene or gene-product in a database of known 
examples.  

 
• This information is useful for answering a variety of biological 

questions: 
 

1. The identification of sequences of unknown structure or 
function.  

2. The study of molecular evolution. 
 
 
 





Global alignment 

• A global alignment between two sequences is an alignment 
in which all the characters in both sequences participate in 
the alignment.  
 

• Global alignments are useful mostly for finding closely-related 
sequences.  
 

• As these sequences are also easily identified by local 
alignment methods global alignment is now somewhat 
deprecated as a technique.  
 

• Further, there are several complications to molecular 
evolution (such as domain shuffling) which prevent these 
methods from being useful. 
 



Find the global best fit between two sequences 
 
Example: the sequences s = VIVALASVEGAS and  
t = VIVADAVIS align like: 
 
 
A(s,t) =  

V I V A L A S V E G A S 
| | | |   |   |       | 
V I V A D A - V - - I S 
 

indels 

Global alignment 



The Needleman-Wunsch algorithm 

• The Needleman-Wunsch algorithm (1970, J Mol 
Biol. 48(3):443-53) performs a global alignment 
on two sequences (s and t) and is applied to align 
protein or nucleotide sequences.  
 

• The Needleman-Wunsch algorithm is an example 
of dynamic programming, and is guaranteed to 
find the alignment with the maximum score.  
 
 



Example 

Obvious best alignment:   DOROTHYCROWFOOTHODGKIN 
     DOROTHY--------HODGKIN 

N N 
I I 

K K 
G G 

D D D 
O O O O O O O 

H H H 
Y Y 

H H H 
T T T 

O O O O O O O 
R R R 

O O O O O O O 
D D D 

N I K G D O H T O O F W O R C Y H T O R O D 



• Find “best” path from top left corner to 
bottom right 

• Moving “east” corresponds to “-” in the 
second sequence 

• Moving “south” corresponds to “-” in the 
first sequence 

• Moving “southeast” corresponds to a match 
if the characters are the same or a 
mismatch otherwise 
 

Can we automate this? 
 

Example 



 Insert a row 0 and column 0 initialised with 0  
 Starting from the top left, move down row by 

row from row 1 and  
 right column by column from column 1 visiting each cell  
 Consider 
 The value of the cell north 
 The value of the cell west 
 The value of the cell northwest if the 

row/column character mismatch 
 1 + the value of the cell northwest if the 

row/column character match 
 Put down the maximum of these values as the value 

for the current cell 
 Trace back the path with the highest values from 

the bottom right to the top left and output the 
alignment 

 

Algorithm (Dynamic Programming): 



Of course this works for both DNA-
sequences as for protein-sequences. 
 
 

The Needleman-Wunsch algorithm 



Alignment scoring function 

The cost of aligning two symbols xi and yj is 
the scoring function σ(xi,yj ) 
 
 
 



Alignment cost 

The cost of the entire alignment: 
 
 
 ∑

=

=
c

i
ii yxM

1
),(σ



A simple scoring function 

σ(-,a) = σ(a,-) = -1  
 
σ(a,b) = -1 if a ≠ b 
 
σ(a,b) = 1 if a = b 
 



Scoring function 

The cost for aligning the two sequences s = 
VIVALASVEGAS and t = VIVADAVIS : 
 
 
A(s,t) =  
 
 
is:  
 
M(A) = 7 matches + 2 mismatches + 3 gaps 
  = 7                – 2                     – 3        = 2   

V I V A L A S V E G A S 
| | | |   |   |       | 
V I V A D A - V - - I S 
 



The substitution matrix 

A more realistic scoring function is given by 
the biologically inspired substitution matrix : 
  
-   A   G   C   T  
A  10  -1  -3  -4  
G  -1   7  -5  -3  
C  -3  -5   9   0  
T  -4  -3   0   8  
 

Examples:  
 
 * PAM (Point Accepted Mutation) (Margaret Dayhoff) 
 * BLOSUM (BLOck SUbstitution Matrix) (Henikoff and Henikoff) 

• Transition mutations are more common: 
• purine<->purine, a<->g 
• pyrimidine<->pyrimidine, t<->c 

• Transversions (purine<->pyrimidine) are 
less common 



How to derive a substitution matrix for amino acids? 

• Amino acids can be 
classified by 
physiochemical 
properties 
 

• Accepted point mutation 
= substitution of an 
amino acid accepted by 
natureal selection 

 
• Assumption: X 

replacing Y as likely as Y 
replacing X 



Cys 12 0 -2 -3 -2 -3 -4 -5 -5 -5 -3 -4 -5 -5 -2 -6 -2 -4 0 -8 

Ser 0 2 1 1 1 1 1 0 0 -1 -1 0 0 -2 -1 -3 -1 -3 -3 -2 

Thr -2 1 3 0 1 0 0 0 0 -1 -1 -1 0 -1 0 -2 0 -3 -3 -5 

Pro -3 1 0 6 1 -1 -1 -1 -1 0 0 0 -1 -2 -2 -3 -1 -5 -5 -6 

Ala -2 1 1 1 2 1 0 0 0 0 -1 -2 -1 -1 -1 -2 0 -4 -3 -6 

Gly -3 1 0 -1 1 5 0 1 0 -1 -2 -3 -2 -3 -3 -4 -1 -5 -5 -7 

Asn -4 1 0 -1 0 0 2 2 1 1 2 0 1 -2 -2 -3 -2 -4 -2 -4 

Asp -5 0 0 -1 0 1 2 4 3 2 1 -1 0 -3 -2 -4 -2 -6 -4 -7 

Glu -5 0 0 -1 0 0 1 3 4 2 1 -1 0 -2 -2 -3 -2 -5 -4 -7 

Gln -5 -1 -1 0 0 -1 1 2 2 4 3 1 1 -1 -2 -2 -2 -5 -4 -5 

His -3 -1 -1 0 -1 -2 2 1 1 3 6 2 0 -2 -2 -2 -2 -2 0 -3 

Arg -4 0 -1 0 -2 -3 0 -1 -1 1 2 6 3 0 -2 -3 -2 -4 -4 2 

Lys -5 0 0 -1 -1 -2 1 0 0 1 0 3 5 0 -2 -3 -2 -5 -4 -3 

Met -5 -2 -1 -2 -1 -3 -2 -3 -2 -1 -2 0 0 6 2 4 2 0 -2 -4 

Ile -2 -1 0 -2 -1 -3 -2 -2 -2 -2 -2 -2 -2 2 5 2 4 1 -1 -5 

Leu -6 -3 -2 -3 -2 -4 -3 -4 -3 -2 -2 -3 -3 4 2 6 2 2 -1 -2 

Val -2 -1 0 -1 0 -1 -2 -2 -2 -2 -2 -2 -2 2 4 2 4 -1 -2 -6 

Phe -4 -3 -3 -5 -4 -5 -4 -6 -5 -5 -2 -4 -5 0 1 2 -1 9 7 0 

Tyr 0 -3 -3 -5 -3 -5 -2 -4 -4 -4 0 -4 -4 -2 -1 -1 -2 7 10 0 

Trp -8 -2 -5 -6 -6 -7 -4 -7 -7 -5 -3 2 -3 -4 -5 -2 -6 0 0 17 

  C S T P A G N D E Q H R K M I L V F Y W 

  

Average -2.8 -0.5 -0.7 -1.2 -0.9 -1.6 -0.7 -1.1 -1.1 -0.8 -0.3 -0.7 -0.9 -0.8 -0.8 -1.4 -0.8 -1.9 -1.5 -3.1 

StDev 4 1.5 1.7 2.6 1.9 2.7 2.1 3 2.8 2.6 2.3 2.6 2.5 2.6 2.4 3 2.3 4.1 3.8 5.4 



Optimal global alignment 

The optimal global alignment A* between two sequences 
s and t is the alignment A(s,t) that maximizes the total 
alignment score M(A) over all possible alignments. 
 

A* = argmax M(A)  
 

Finding the optimal alignment A* looks a combinatorial 
optimization problem:  
 
 i. generate all possible allignments 
 ii. compute the score M 
 iii. select the alignment A* with the maximum score M* 





Local alignment 

• Local alignment methods find related regions within 
sequences - they can consist of a subset of the characters 
within each sequence.  
 

• For example, positions 20-40 of sequence A might be aligned 
with positions 50-70 of sequence B. 
 

• This is a more flexible technique than global alignment and 
has the advantage that related regions which appear in a 
different order in the two proteins (which is known as 
domain shuffling) can be identified as being related.  
 

• This is not possible with global alignment methods. 
 



The Smith Waterman algorithm 

• The Smith-Waterman algorithm (1981) is for determining 
similar regions between two nucleotide or protein sequences.  
 

• Smith-Waterman is also a dynamic programming algorithm and 
improves on Needleman-Wunsch. As such, it has the desirable 
property that it is guaranteed to find the optimal local 
alignment with respect to the scoring system being used (which 
includes the substitution matrix and the gap-scoring scheme).  
 

• However, the Smith-Waterman algorithm is demanding of time 
and memory resources: in order to align two sequences of 
lengths m and n, O(mn) time and space are required.  
 

• As a result, it has largely been replaced in practical use by the 
BLAST algorithm; although not guaranteed to find optimal 
alignments, BLAST is much more efficient. 
 



Optimal local alignment 

The optimal local alignment A* between 
two sequences s and t is the optimal global 
alignment A(s(i1:i2), t(j1:j2) ) of the sub-
sequences s(i1:i2) and t(j1:j2) for some 
optimal choice of i1, i2, j1 and j2.  
 



Sequence alignment - meaning 

• Sequence alignment is used to study the 
evolution of the sequences from a common 
ancestor such as protein sequences or DNA 
sequences.  
 

• Mismatches in the alignment correspond to 
mutations, and gaps correspond to insertions 
or deletions.  
 

• Sequence alignment also refers to the process of 
constructing significant alignments in a 
database of potentially unrelated sequences. 



GAPS? 
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Gaps 

•Gaps occur with roughly 1/10 the frequency of base substitutions, 
so they are common in most alignments. 
•Symbolized by hyphens ( --- ) paired with residues: like a mismatch 
with a blank space. 
•You can assign a penalty for each gap position.   

•This is called a linear gap penalty: the total penalty is 
proportional to the gap length. 

•The problem is, once you start putting them in, you can get almost 
anything aligned. 
•Alignment programs usually distinguish between creating a gap and 
extending a gap.  Thus, the gap opening penalty and a (smaller) gap 
extension penalty. 

•This is called an affine gap penalty. 
•Although substitutions have a lot of theory behind them, gap 
penalties are generally determined by heuristic means.   

•Heuristic = a method or value determined by trial-and-error 
experiments, without a strong guiding theory.  
•In this case, gap opening and extension penalties are the result of trying 
many possibilities and seeing which ones give the most pleasing 
alignments. 
•The BLAST default is a -11 penalty for opening the gap and -1 for each 
additional base of gap. (11/1) 



Changing the Gap Penalty 

• The top one 
has a -4 gap 
penalty 

• The bottom 
one has a -8 
gap penalty 
(both 
linear). 

• They give 
somewhat 
different 
alignments.  





BLAST: fast approximate alignment 

 

 
 
•  Fast but heuristic 

 
•  Most used algorithm in bioinformatics 

 
•  Verb: to blast 
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Multiple sequence alignment 

 

 
Determine the best alignment between 
multiple (more than two) DNA-sequences. 
 



• Multiple alignment is an extension of pairwise 
alignment to incorporate more than two sequences 
into an alignment.  
 

• Multiple alignment methods try to align all of the 
sequences in a specified set.  
 

• The most popular multiple alignment tool is 
CLUSTAL.  
 

• Multiple sequence alignment is computationally 
difficult and is classified as an NP-Hard problem. 
 
 

Multiple sequence alignment 
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Multiple sequence alignment 



Tim Conrad 
AG Medical Bioinformatics 
www.medicalbioinformatics.de 
 

Mehr Informationen im Internet unter 
medicalbioinformatics.de/teaching 
 

Weitere  
Fragen 
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