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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)

DNA sequencing — puzzles for experts

Short sequence mapping — where did this word come from
Sequence segmentation — finding modules by flipping coins

Data storage and compression — from DNA to bits and back
again

Structures in Biology — small and smaller



How to make It efficient

Diverse audience, | don’t know what you know

Please do interrupt me If you have a question!

| will not go very deeply into biological detalls, so
If you want more, please ask me later for links to
more materials

| 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



Homework

| will post a few (>= 5) questions at the end,
depending how far we will get in the lectures

* The nature of them will be diverse: derivation,
proofs, computation, data analysis.

* |f you want to pass the course and get credit, I'd
ask you to solve N-1 guestions to get grade N

 You e-maill solutions to me at
bartek@mimuw.edu.pl



Alan Turing (1912 - 1954)

Very influential
mathematician

‘uring machine

Turing test

Enigma cracking
Why Is he here?
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THE CHEMICAL BASIS OF MORPHOGENESIS

By A. M. TURING, F.R.S. Unwersity of Manchester

(Received 9 November 1951—Revised 15 March 1952)

It is suggested that a system ol chemical substances, called morphogens, reacting together and
diffusing through a tissue, is adequate to account for the main phenomena of morphogenesis.
Such a systemn, although it may originally be quite homogeneous, may later develop a pattern
or structure due to an instability of the homogeneous equilibrium, which is triggered off by
random disturbances. Such reaction-diffusion systems are considered in some detail in the case
of an isolated ring of cells, a mathematically convenient, though biologically unusual system.
The investigation is chiefly concerned with the onset of instability. It is found that there are six
essentially different forms which this may take. In the most interesting form stationary waves
appear on the ring. It is suggested that this might account, for instance, for the tentacle patterns
on Hydra and for whorled leaves. A system of reactions and diffusion on a sphere is also cons
sidered. Such a svstem appears to account for gastrulation. Another reaction system in two
dimensions gives rise to patterns reminiscent of dappling, It is also suggested that stationary
waves in two dimensions could account for the phenomena of phyllotaxis.

The purpose of this paper is to discuss a possible mechanism by which the genes of a zygote
may determine the anatomical structure of the resulting organism, The theory does not make any
new hyvpotheses; it merely suggests that certain well-known physical laws are sufficient to account
for many of the facts, The full understanding of the paper requires a good knowledge of mathe-
matics, some biology, and some elementary chemisiry. Since readers cannot be expected to be
experts in all of these subjects, a number of elementary facts are explained, which can be found in
text-books, but whose omission would make the paper difficult reading.
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Ficure 2. An example of a ‘dappled’ pattern as resulting from a type (a) morphogen system.

A marker of unit length is shown. See text, §8, 11.
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The foundation of molecular biology

« Watson and Crick publish
DNA structure in 1953 (using
data from Franklin and
Wilkins)

* That leads to understanding
of the nature of information
storage in DNA

 Now It Is possible to have a
vastly simplified model of
DNA sequence just as a
sequence of letters over DNA
alphabet, that captures most
of the heritable information
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The DNA Is not the only sequence
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Another idea ahead of Its time

’ * Gregor Mendel (1822
A -1884)

* Introduced the idea of
“factors” that we now
(since early XX
century) call genes

I ! X
(Rr)

e Smallest units of
heritable information

Law of Segregation

* Now we know they
reside in DNA



Where are the genes?

The Central Dogma of Molecular Biology
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The really big picture - evolution
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Seqguence evolution

CTCTGTAGTA * Conceptually simple
model, reproduction with
mutation

replication

GTCTGTAGTA
GTCTGTAGTA

GTCTGTAGTA :
« Mutation rate very small,

| GTCTGTAGTA but given genome sizes
mutatm/\ and cell number,
considerable

GCA GTCTGTAGGA .

 Mutation on the DNA
level, selection on the
protein level

selection GT



Fundamental problem

e How far in evolution are sequences we can observe in
different living species?

e More formally: Can we define a measure of sequence
similarity

d: Y x¥X* ->R"
approximating the true evolutionary distance?

e Hint: We should count the number of mutations leading to
the observed divergence.



Lack of data on ancestral DNA

We can observe only the current situation. What about
ancestral sequences?

GTCTGTAGTA GTCTGTAGGA GTCGGTAGGA
2 mUtatiG”ﬁ*'f 1 mutation 3 mutations/

GTCTG%AGCA GTCTGTAGGA GTCTGTAGCA GTCTGTAGGA GTCIGTAGCA GTCIGTAGGA

Solution: Parsimony — In case of lack of evidence for a more
complex situation, take the simplest possible explanation.



Time reversibility

1 mutation / \

\
4 \

GTCTGTAGCA GTCTGTAGGA

Technically, in order to estimate the ancestral sequence, we
need to assume that the process is “time-reversible”, i.e. The
chances of mutating the sequence s; into s, are the same as s
into s;. This is a reasonable simplification for “short”
evolutionary time-scales.



Nalve approach

Time-reversible Markov Chain (symmetric transition
matrix)

Sequences from ¥¥ are states (How many of them?)

Transition probabilities assume independent base
substitution

We need to define a symmetric base substitution matrix

(*) In fact, we should consider a continuous-time Markov
chain, to avoid problems with exact generation times...



More reasonable model —
Jukes-Cantor JC-69

Only one parameter: p
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« Since 1969, many more models: K80, F81, T92, etc, all generalizing for more than just one parameter



Genetic code Is deaenerate

Second base

UUU ] _Phenyl- Ucu] VAUt rosi uGuU toi )
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64 DNA triplets encodes only 20 aminoacids



Question?

We know two types of mutations in DNA silent and coding

e Which of them are more interesting for calculating
divergence between species?

e And which are more interesting for paternity testing?



Evolution models
based on protein alphabet

We are still assuming time-reversible Markov chain, but
now in space of protein sequences.

Matrix entries contain log-probabilities, leading to additive
measures of similarity

PAM (Point accepted mutations) matrices (Dayhoff,
1978) describe observed probabilities of occurence of point
mutations for a given average divergence (PAM1 = one

mutation /100 bases, mostly used PAM250)
BLOSUM (BLOcks Substitution Matrix) (Henikoff,

Henikoff 1992) were constructed using short protein
alignments (Blocks) of given sequence identity.

e.g.BLOSUMSBO0 was derived from sequences of > 80%
identity



Hamming distance

Hamming distance: a metric originating from Information
theory

Given two vectors of the same length, it returns the
number of positions where they differ.

Dr(s1,5) = X7 {1 : s1[i] # s|i]; 0 : otherwise}

A proper distance (satisfies triangle inequality)



Errors iIn DNA are not just
substitutions

DNA polymerase can (rarely) slide over nucleotides
especially over stretches of low complexity

this leads to short deletions of DNA after replication
Transposable elements lead to insertions of larger segments

Chromosome recombination leads to duplications and
deletions on different chromosomes at the same time



Edit distance

We can introduce edit distance: the number of editing
operations needed to transform one sequence into the
other. These operations are:

e Substitutions
e |nsertions
e Deletions

The procedural definition of the distance makes it difficult
to work with

Does it matter in what order | make the operations (/f i
delete a character, | cannot substitute it anymore...)

It turns out the optimal edit distances are simpler and can
be described in a formal way as sequence alignments



Sequence alignment

For a given sequences s, t over an alphabet X, their alignment
is a pair of words s’, t' over the extended alphabet
Y =Y U{—} Sequences s, t' need to satisfy the following:

o |s'| =|t|
e s"z — s and t[’z =
e for no position i, s'[i] = t'[i] = —
For example, one of the words HEAGAWGHEE and PAWHEAE is

HEAGAWGHE-E
- -P-AW-HEAE

Number of possible alignments for words of length n

2n\ (2n)! L Q2n
(n ) T " T Jmn




Simple sequence comparison
by dot-plotting

Dotplot of the alignment of human haemoglobin o vs 3 chains
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image (c) Hannes Luz



Needleman-Wunsch
dynamic algorithm
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Images adapted from Durbin et al.



Smith-Waterman — local version
of alignment

* If we add O to the .

dynamic algorithm A
FGi,j)=max{ "7/ 1),
formula F(i—1,))—d,
_  F@G,j—1)—d.
* We get a local version
of the algorithm, giving e
us the best matching R
substrings flon e ¢ aha otugugs o




Inconsistencies In pairwise
alignments

Pairwise alignments used to calculate distances (and
reconstruct a tree) may lead to inconsistent picture. For
example consider alignment of all pairs of 3 sequences: CAAC,

AACA, ACAA
e CAAC- AACA- ACAA-
e -AACA -ACAA -CAAC

Which C in CAAC was in the ancestral sequence?



Can we make a generalization

A consistent alignment
of manyv seguences

- SNYFLEIT DD

Q5E940 BOVIN -------oo - 18 N--PR
lLlO:'ﬂDHBN ——————————— SHNYFLEII DD q 8 H-=-P
BLA0 MOUSE ~~========= IKSNYFLEIT DD V q 8 H--P

RLAO_RAT ------====- SHYFLELIQLLDD GA 8 N--PAL
RLAO CHICK ----=--===== SHYFMELIQLLDD VGA! H] N--P
RLA0 RANSY ---=-==-===== s N YFLKLT VGA! s N--8

Q7Z0G3 BRARE ----------- SN YFLEITQLLDD GA s N--PR
RLAO_ICTRU ------===-- SN YFLEEI A 8 N--PA
RLA0 DROME =========== BAQ YF IK¥V GA s N--PQ
RLAO DICDI =========== LFIEKATKLFTT K S DLADSK--PELD

Q54LP0 DICDI ----------- VFIEKATKLFTT 8 (RDLADS K- -PELD
RLA0 PLAFA ----=-=-==-=== OMYIEELSSLIQQ K5 vV-=PQ
RLAO_SULAC ----- MIGLAVTTT KKIAKNRVDEVAELT BRLKT KK -----20
RLAO_SULTO ----HRIMAVITQERKIAK LRE K -----LD¥S
RLAO SULSO ----MKRLALALKQREVAS KLRGEK - ARTRVERNTLFK IARKNAG - - - - - Io
RLAO AERPE MSWVSLVEOMYKREKPIPE KK E - --LDDN
RLAO PYRAE -MMLAIGXRRYVRTROERAR R ---IPAl
RLAO METAC ------ MAEERHNHT EHIPQ RDLEDYV - AVLEVERNTLE: RALNQLG - - - - - ETIP
RLAO METMA ------ RDLEDY - AVLEVERNTLEF RALNQLG - - - - - ESIP
RLA?_ARCFU ------ HMAAVE RAVEE :l:nl.tssmv'lu‘lsrnnna RE ERALDALG - - - - - 8o
ELA0 METKA MAVKAKBOPPS KT vnl‘.nuw AK LMR IALEEELDER- -PE
RLAO _METTH ------=-==--- - Auunna T ] :smut‘nx L--ENVD
RLAO_METTL ------- Ivll-l'l:-ﬂlann DK LIE rsl‘n
RLAO METVA ------- l.uluvm:lmﬂlzwn DK ] 1~ PEFA
RLAO METJA ---==-=- IKSKPVVAIVDMMDYE A K Lnnnn.n
RLA0 PYRAB --=-========== KEVEELANLIKS ¥PVIALVDVSSMPAYPLSOMRRL
RLA0 PYRHO =-==-======c==== KEVEELAKLIKSEPVIALVDVSSMPAYFLSOMRRL
RLAO PYRFU ---------——-- KX KEVEELANLIKS ¥PVVALVDVSSMPAYPLSQMBRL
RLAO PYRKQ ----------—-- KEVEELANIIKS¥9vIALVDVA DK
RLAO HALMA ----- HMSAESERKTET IPE EMIESRESVGVVNIA : T - LLERALDDYD - - - - -
RLAO_HALVO ----- MSESEVRQTEVIPOWKR SVGVVGVA : 5 MRF LVHRALDEWN - - - - -
RLAO0_HALSA -----MSAEEQRTTEEVPEWKR SVGVVNVT : ; | - -~ -DELD
RLAO THEAC =-=========== - IKASREVAIVDEA : ¥ i LK - -~ ~EKLS
RLAO THRYQ ------======- ITKSKAVAIVDIK - i S IND- - - -EKLT
RLA0 PICTO -----=======- IDFVKNLENE INSRKVARIVE IK : RLI-RL!IBH'(————NII\F

EBLEE l..scsselloianonsa I | Rl [ D wnnn A sonnnnod Tlesssnaan 8e.... .90

Note: the correspondence with edit distance is lost

image (c) P. Winter

of the pairwise alignment idea?



Scoring multiple
seguence alignments (MSAS)

What is the natural way to score multiple alignment “quality” ?
e Assume column independence (as usual)

e Sum of pairs (SP) score
S(mi) = Tk<ys(mf, mj)

e Does it work well (for counting parsimonous mutations)?
hint: Consider a column with all characters different.

e How much does it overestimate the number of necessary
mutations?



Complexity of finding
the optimal multiple alignment

e Dynamic algorithm has the cost of O(n¥)
e In general, the problem is NP-Complete

e We can still try to slightly improve its performance by
looking at the lower bound of alignment score
(Carillo-lipman)

o(a) < S(a‘u ?“)—F Z ?(E}“

Sa™> B

& N
where ,8“ = of(a)+5(a Z S(a
K <l

|V



Can we overcome the complexity
Issue?

* Theoretically, we could try to prove that P=NP,
and then solve MSA

 |n practice, we are not (usually) making multiple
alignments of random sequences. Usually we
know they are related

 Can we use the knowledge that they originated
from an evolutionary process to guide our
search for optimal MSA?



Back to how evolution works

* Tree-like model of
seqguence evolution
GTCTGTAGTA

repicaton% « Common ancestor -
GTCTGTAGG-l:IACTGTAGTA GTCTGTAGTA r O Ot

GTCTGTAGTA

mutatioy\ e Internal nodes —
selection %CA GTCTGTAGGA anCeStra| Sequences
» Leafs — curently
avallable sequence

pool or dead-ends



The tree of life hypothesis
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Evolution of species

and within sp

3,
Ray-finned : Rodents Dinosaurs

Sharks Fish Amphibians Primates and Rabbits Crocodiles and Birds

\iy

Ammiotic Egg
ony Skeleton

o — _’ —

= Pre-orbital
fenesira

Four Limbs

Vertebrae

The Stages of Evolution

ecles

Linkage trae For B populatien clustors showing genetic distances (F. )
[Cavalli-Shores &f al., 1094:80)

African
L]
Mew Guinesn & Austraiian
004
P Pacitic |slamder
— [F-FF)
Southaast Asian
armarindizn
— Aretic Horthaasl Adlan
Horthoast Aninn
I'I'.F'H <
'y E
L] L] L] L L]
0.20 oAS oD 0.05 0.00
Fgy distance matrix for the § chusiers shown above
(= 10,000 with standard arrom chiained by bootatrap analysis)
AFR HETL NEA AME AME SEA Pl HOA
LI

Farine

Arciic Mok
wasl Bulam
Ameiindan
Seranthd-aan
Asina
Fasife
1nlafrileny

Ham Guawas

sad Ausiraliss =



Finding the phylogenetic tree

We are interested in measuring evolutionary distances by
looking at molecular sequences

We expect distances to grow with decreasing similarity

The sequence alignment problem allows us to find the
optimal alignment, however the score of the alignment is a
measure of similarity, rather than distance

problem of maximizing similarity is similar to minimizing
distance
However:

e We expect d(x,x) = 0 while for most a, b,
sim(a, a) # sim(b, b)
e Distances have triangle inequality, and similarities not



Bifurcating or multifurcating trees

e Even though real i Topology B

evolution might very :
well include \
multifurcating nodes \

(.e. the speciation
events involving more

ASMOY
BENO

5
i

Topology C Star topology

species)
* It is enough to
consider binary trees
(which may lead to z = : oz =z =z . -

= = o E = = E
= ! £ 5 = 5
o B

mutliple binary tree
topologies)



How many different binary trees?

« HOw many

different binary /Y \

trees can there be

for the given N

sequences? /// \\\

 The answer Is the /
Catalan number

sequence
(2(n-1))/((n-1)'n!) V

V



Rooted vsa unrooted trees

C D A B

* Many different

C DA B
rooted trees actually \()/ \>y
A c

correspond to the
same unrooted tree

topology
 This unrooted tree A B C D

with branch lengths \>y
can correspond to a )

distance matrix Noy #




Reconstructing a tree
from distance matrix

Given a tree with branch lengths T, we can easily generate
distance matrix dj;

Can we solve the reverse problem, and how does it relate
to the original problem?

Formally, for a given distance matrix D, we want to find a
labelled tree T, optimizing the least squares criterion:

i: Z Wiy (DEJ - 13

=1 7=

In general, it is equivalent to solving the Steiner tree
problem — one of the the original NP-complete problems

Can we find any approximate or specialized solutions?



Non-ultrametric vs Ultrametric trees
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Ultrametric vs metric

* Any metric requires:

dlz,y) > 0  forz#y
d{.‘t._.y} = 0 me:y
dlz,y) = dly,z) Vazu

d(z,y) < d(z,z)+d(y,z) Vz,y,2z (triangleinequality)

 |f it Is ultrametric It also satisfies, that any 3
leaves can be renamed X,y,z so that:

d(z,y) < d(z,z) = dy,z)



W N =

. Delete the columns and rows of the data matrix that corre

UPGMA (Unweighted Pair Group
Method with Arithmetic Mean)

Find the ¢ and j that have the smallest distance, D;;.
Create a new group, (ij), which has n(;;) = n; + n; members.
Connect i and j on the tree to a new node [which corresponds to the new

group (ij)]. Give the two branches connecting i to (ij) and j to (ij) each
length Dw/Q

Compute the distance between the new group and all the other groups (ex-
cept for i and j) by using:

.
and j, and add a column and row for group (ij). pond to groups ¢

If there is only one item in the data matrix, stop. Otherwise return to step 1



How does it work?

& |8 | & b
AlO | 17]21] 27
2.833
B 0 |12 | 18
10.83"

C 0|14 6 6

D

0 B C D A

e We start from a matrix and finish with an
ultrametric tree

* |f the matrix Is not ultrametric, the result might
not be optimal
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Neighbor-joining

For each tip, compute u; = ™" p, /(n—2). N
‘ i j#i Pij/(n — 2). Note that the d i
is (deliberately) not the numberj éf itenﬁs summed. ominator

Choose the < and j for which Dyj —u; — u; is smallest.

. Join items 7 and j. Compute the branch length from i to the new node (v;)

and from j to the new node (v,) as

vi = 3D+ 3(u; —uy)

v; = 3Dij+ 3w —w)

Compute the distance between the new node (ij) and each of the remaining
tips as

D(ij),k = (Dzk e Djk B DZ])/2

Delete tips i and j from the tables and replace them by the new node, (i7),
which is now treated as a tip.

- If more than two nodes remain, go back to step 1. Otherwise, connect the

two remaining nodes (say, ¢ and m) by a branch of length Dey,.



Properties of NJ algorithm

e [he same complexity as average linkage hierarchical
clustering O(n>)

e (uaranteed to return the correct answer if the distance
matrix D originates from a tree

e \Works also for non-ultrametric trees



Further tree-related problems

Gene-species tree reconciliation

Tree refinement

Horizontal gene transfer - Phylogenetic networks
Comparison of large trees

Optimality measures for phylogenetic trees

True Ancestral sequence reconstruction

Etc...



Gene- species-tree reconciliation

(B)

(A) Input data
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Inferred evolutionary history

Gain-loss -
parsimaony
=+ 1 gain _—
-
| = _-/‘/\F

Gnathostomata

Euteleostomi
Gain

Amniota

Arabidopsis Shark Fish Chicken Human
(<€)
Duplication
Phylogenetic Gnathostomata
o reconciliation ‘
= 1 duplication Euteleostomi
= 2 losses
wos Amniota
S Loss
Arabidopsis Shark Fish Chicken Human

TRENDS in Genelics




Horizontal gene transfer

(a) Phylogenetic tree (b) Phylogenetic network

A bird's-eye view of the tree of life, showing the vines in red and the tree’s branches in
grey [Bacteria] and green [Archaea). The last universal common ancestor is shown as a
yellov: sphere.



Now back to multiple alignments

* Theoretically, we could try to prove that P=NP,
and then solve MSA

 |n practice, we are not (usually) making multiple
alignments of random sequences. Usually we
know they are related

 Can we use the knowledge that they originated
from an evolutionary process to guide our
search for optimal MSA?



Feng-Doolitle approach

We can use the greedy approach similar to UPGMA

In each step we choose the nearest pair (using pairwise
sequence distances)

And we can merge alignments based on the pairwise
alignment between the sequences

Uses the principle of “once a gap, always a gap”.

We need to “elegantly” align alignments of more than one
sequence



Score for profile alignment

In the process of incremental alignment we need to align
profiles (alignments)
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image (c) Durbin et al



A first proper approach -
CLUSTALW

Algorithm: CLUSTALW progressive alignment

(i) Construct a distance matrix of all N(N — 1)/2 pairs by pairwise dynamic
programming alignment followed by approximate conversion of similar-
ity scores to evolutionary distances using the model of Kimura [1983].
(i1) Construct a guide tree by a neighbour-joining clustering algorithm by
Saitou & Nei [1987].
(iii) Progressively align at nodes in order of decreasing similarity, using se-
quence-sequence, sequence—profile, and profile—profile alignment. <

image (c) Durbin et al



Practical issues with the simple
Incremental approach

a)Regular Progressive Alignment Strategy

SeghA GARFIELD THE LAST FAT CAT

SegqA GRRFIELD THE LAST FA-T CAT
SegB GARFIELD THE FAST CAT SegB GARFIELD THE FAST CA-T ---

— SeqC GARFIELD THE VERY FAST CAT
SegD - ———-- THE —--- FA-T CAT

SeqC GARFIELD THE VERY FAST CAT

SegDh THE FAT CAT



T-Coffee algorithm
(Notredamme 2000)

Create one library of
global pairwise
alignments

And one library of local
pairwise alignments

Use the signals in both
for imptrovement of the
progressive alignment

@ Ar |

- o |
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ClustalW Primary Library Lalign Primary Library (Local

{Global Pairwise Alignment)

Pairwise Alignment)
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— e

WEIghtmg

Signal Addition
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b)Primary Library

T-Coffee In action

GARFIELD THE ---- FAST CAT Prim Weight= 100
Seqh GARFIELD THE LAST FAT CAT  Prim, Weight = 88 Seqhb THE eig
SEE_E% GARFTEID THE FLoT CAT —o- 2 SeqgC GARFIELD THE VERY FAST CAT
Segh GARFIELD THE LAST FA-T CAT - 5 CARFIELD THE FAST CAT 3
SeqC GARFIELD THE VERY FAST Car Prim. Weight=77 sﬂaﬂn _______ THE FA-T CAT Prim. Weight =100
: : FAT CAT b Se GARFIELD THE VERY FAST CAT im. Wi =
§ogh CARFIELD THE LAST LAG Gap  Prim. Weight =100 SeqD ———---- THE ——-- Fa-T Carp [rim- Weight=100
¢)Extended Library for seql and seq2
- Extended Library
SegA GARFIELD THE LAST FAT CAT
NERARIA AN HI“M. Weight = 88
SegB GARFIELD THE FAST C Seqh ﬁ‘i‘ﬁﬁf iii LAST FAT
SegA GARFIELD THE LAST FAT CAT SegB GARFIELD THE
FERLERED £ TN TEN AN
SeqgC CGARFIELD THE VERY FAST CAT  Weight=77
IRELEEEr 111 11111 1
SegB GARFIELD THE FAST CAT
I Dynamic Programming ‘
Seqgl GARFIELD THE LAST FAT ririirlr
111 111 ._
SegD THE FAT CAT  Weight = 100
111 THAYRAN
SeqgB GARFIELD THE FAST CAT Segh GARFIELD THE LAST FA-T CAT

SegB GARFIELD THE ---- FAST CAT




Muscle method (Edgar 2004)

1.7 k=-mer 1.2 1.3 progressive
counting [ [ [ [ | UPGMA alignment
> HH G T——— MSA
unaligned
SEqUeNces k-mer distance TREE1
matrix D1 2.1 compute
« - ‘%eids from MSAT
m— Kimura distance
s o : matrix D2
2.3 progressive
: 2.2 UPGMA
MSAL alignmeant TREE? |
—= _—: Np
— — delefe
—i 33 r&a.‘.fgn'" r-.-'IE.ﬂ. — —1 Y8s
< 3.2 compute  profiles 3.4 5F : — ——  save
subtree profiles score betler? o4
3.1 delele

epeat
edge from TREE2 i

giving 2 sublrees



Books to read more

~ INFERRING
PHYLOGENIES

Biological
sequence
analysis

R. Durbin

5. Edly

A Krogh

G. MikChison

B
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