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Typical applications of bioinformatics
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Az Infective Stage
A= Diagnostic Stage

Intracellular development of E, bieneusi and E. intestinalis spores.
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Enterocytozoon bieneusi

Life cycle of Microsporidia
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Plantae Streptophytes Discicristates Excavates

Heterolobosea
Land plants Kinetoplastids
Green Algae Charophytes Diplonemids
Chlorophytes Euglenids
Trebouxiophytes Core jakobids
Ulvophytes Trimastix
Prasinophytes Oxymonads
Mesostigma Trichomonads

Hypermastigotes
Carpediemonas
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Dinoflagellates g‘h"':“"”“”l nads
rarachniophytes
Alveolates o"yn:’u':' Phytomyxids
Ciliates Haplosporidia
Foraminifera
Colponema Polycystines
Ellobiopsids Acantharia Rhizaria
Diatoms
. Raphidiophytes Ascomycetes
\ Eustigmatophytes Basidiomycetes
Chrysophytes gomycetes
3 2 Phaeophytes Microsporidia
P-?’\ ﬂ ‘) Bolidophytes Chytrids
S S Nucleariids
: Actinophryids Animals
Stramenopiles Labyrinthulids _
Thraustrochytrids a‘:,::::':" flates  Opisthokonts
Oomycetes Ichtt
Opalinids L
Bicosoecids Dictyostelids
b mmﬂm
Cryptomonads Lobosea
‘ Archamoebae
~ | Chromalveolates Amoebozoa ‘Unikonts’

Modified from Keeling et al., (2005) TRENDS in Ecology and Evolution Vol.20 No.12
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ACGG AT CC ATTAC v VACGGCATA CC GATTAC
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ACGGCATAGCCGATTAC
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pC C
hC G T R GRT

e G G ACGGGATCCCAATAC

V V ACGGGATCCCATTAC
ACGG AT CC ATTAC ACGGCATA CC GATTAC CCGGGATAGCTTCCATTAC

ACCCCCTATCCACTGGATTAC

ACCQ - JIRGCC ATTA ACGACATATCCACTGGATTCC

A collection of related
sequences that vary in
their amino acid
composition and in their

CGGCATAGCCGATTAC
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pC C
hC G T R GRT
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Seql:
Seqg2:
Seqg3:
Seqg4:
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»What should a biologically correct alignment look like?
»To what extent can we define and formalize its properties?

Mathematically Biologically
Optimal Alignment Optimal Alignment
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»What should a biologically correct alignment look like?
»To what extent can we define and formalize its properties?

Mathematically Biologically
Optimal Alignment Optimal Alignment

Objective Function:

A mathematical function to measure the biological quality of
an alignment...
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A mathematical function to measure the biological quality of
an alignment o....

Objective: find o that maximizes o(a)!
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Given two sequences A ={a;,a,,....,a, and
B={b,,b,,....,b,} and a scoring function S such that

(+5,if a, = b,
=2,if a; =D,

|—6, for introduction of a gap

then we look for that alignment, that gives us the highest score
by summing up the column scores S(a;,b;) for all columns of the
alignment.
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Given two sequences A ={a;,a,,....,a, and
B={b,,b,,....,b,} and a scoring function S such that

(+5,if a, = b,
=2,if a; =D,

|—6, for introduction of a gap

then we look for that alignment, that gives us the highest score
by summing up the column scores S(a;,b;) for all columns of the
alignment.

For example:
T G
T —

+5 -6
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* There are far too many alignments for evaluating every
possibility

2n
» number of possible pair-wise alignments: ( " )

> for two sequences of length N=300 there are 1017°

possibilities

Hence, we need a smart way to cut the computation short!
Dynamic programming approach for pair-wise alignments

by Needleman and Wunsch (1970).

i
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A dynamic programming approach usually includes:

» A mathematical description of the (biological) quality of an solution,

i.e. an recursive objective function

» The computation of all intermediate values needed to obtain the

globally optimal solution, thereby avoiding double-computations

» The reconstruction of the globally optimal solution from the values

obtained in the previous step (backtracking)
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Underlying principle: Avoid redundant computation
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Alignment algorithms

Sequence B
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Scoring function
”+5, lf ai = b]
2 S(al.,bj) =1-2,if a, = bj

Objective function
o(i-1,j-1)+S(a.b))
0(i,j) =maxyo(i,j— 1)+ S(gap.,b;)

-6, for introduction of a gap / o(i-1,j)+ S(a;.gap)
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o(ij-1)

o(i,j) is the optimal alignment score up
= to and including a; and b;

e <
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Needleman-Wunsch algorithm: Initialization

(+5,if a; =D,
-42 -48 S(ai’bj)=<_2’l:fai¢bj

|—6, for introduction of a gap
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Needleman-Wunsch algorithm: Recursion

(45, if a,=b,
-42 -48 S(ai’bj)=<_2’l:fai¢bj

|—6, for introduction of a gap
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Needleman-Wunsch algorithm: Recursion

(+5,if a; =D,
-42 -48 S(ai’bj)=<_2’l:fai¢bj

|—6, for introduction of a gap
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Needleman-Wunsch algorithm: Recursion

(+5,if a, =b,
=1-2,if a,=b,

|—6, for introduction of a gap
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Needleman-Wunsch algorithm: Backtrack
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Needleman-Wunsch algorithm: Backtrack
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Needleman-Wunsch algorithm: Backtrack
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Needleman-Wunsch algorithm: Backtrack

Alignment Score: 11
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Smith-Waterman pair-wise local alignment

(45, if a,=b,
=2,if a; =D,

|—6, for introduction of a gap

(0(i-1,j-1)+ S(a;,b))
o(i,j-1)+ S(gap)
o(i-1,7)+ S(gap)
0

o(i,]) = max:
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Smith-Waterman pair-wise local alighment: Backtrack

Alignment Score: 18
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Both, Needleman-Wunsch and Smith-Waterman alignment
methods are exact methods since they guarantee a globally
optimal solution for the optimization problem!

Drawback: Computational expensive, i.e. O(nm) in time
and memory
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BLAST uses several heuristics to reduce search space

Growth of GenBank
(1982 - 2008)
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Given a query g and a target sequence find substrings
of length k (k-mers) of score at least t. k is normally 3
to 5 for amino acids and 12 for nucleotides.

Extend each hit to a locally maximal segment.
Terminate the extension when the reduction in score
exceeds a pre-defined threshold

Report maximal segments above score S.
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Finding k-mers quickly

Preprocess the database of sequences:
For each sequence in the database store all k-mers in
hash-table.
This takes linear time

Query sequence:
For each k-mer in the query sequence look up the hash
table of the target database to see if it exists.
Also takes linear time
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(1) For the query find the list of high scoring words of length w.
Query Sequence of length L

Maximum of L-w+1 words (typically w = 3 for proteins)

For each word from the query sequence

find the list of words that will score

at least T when scored using a pairscore

matrix (e.g. PAM 250). For typical parameters
there are around 50 words per residue of the query.,

(2) Compare the word list to the database and identify exact matches.

- : Database
Sequences

_— =

E xact matches of words
from word list
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(3) For each word match, extend alignment in both directions to find
alignments that score greater than score threshold S.

I — e ——y

|

—_—

Maximal Segment Pairs (MSPs)
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BLAST My NCBI
— | Home | RecentResults | Saved Strategies  Help [Sian In] [R
» NCBI/ BLAST/ blastp suite/ Results - H760CEG1016
Edit and Resubmit Save Search I ing options & D
Q8SRRO (882 letters)
Query ID Icl|28085 Database Name nr
Description Q8SRRO Description All non-redundant GenBank CDS
Molecule type amino acid translations+PDB+SwissProt+PIR+PRF excluding
Query Length 882 environmental samples from WGS projects
Program BLASTP 2.2.22+ b Citation
Other reports: >Search Summary [ reports] [Distance tree of results] [Related 1 [Multiple 1 New

¥ Graphic Summary
¥ Show Conserved Domains
Putative conserved domains have been detected, click on the image below for detailed results.

1 125 250 378 s00 625 750 52
[ s ST S S W A S Y T et AT S S S Sl A SO SO SO S AT SO SRS A ST S S N

Query seq.

Superfanilies fertidass e surerd) (Pertidass n165 supsrramity )

Hulti-donains

Distribution of 102 Blast Hits on the Query Sequence &

[Mouse over to see the defline, click to show alignments |

Color key for alignment scores
<40 40-50 50-80 80-200 >=200

Score E
Sequences producing significant alignments: (Bits) value
ref|NP 585831.1] ZINC (INSULINASE FAMILY) [Encephali... 1826 0.0 E
pdb|3E4AlA Chain A, Human Ide-Inhibitor Complex At 2.6 Resolu... _283 se-74 B
pdb|2wBY|A Chain A, Crystal Structure Of Human Insulin-Degrad... _283 se-74 B

pdb|3cwwW|a Chain A, Crystal Structure Of Ide-Bradykinin Compl...
pdb|3E4z|A  Chain A, Crystal Structure Of Human Insulin Degrad...
gb|ACHM16704.1| FI04610p [Drosophila melanogaster
Gb[AAO74689.1] RE17458p [Drosophila melanogaster]

¥ Alignments [JSelect All Get selected sequences Distance tree of results Multiple alignment New

>[zet [wp sss831.1) K& zinc eroTease (insuninass ramiiy) [Encephalitozoon cuniculi GB-M1]

emb |CAD25435.1 ZINC PROTEASE (INSULINASE FAMILY) [Encephalitozoon cuniculi GB-M1]
Length=882

GENE ID: 859255 ECU06 ZINC PROTEASE (INSULINASE FAMILY)
[Encephalitozoon cuniculi GB-M1] (10 or fewer PubMed links)

Score = 1826 bits (4729), Expect = 0.0, Method: Compositional matrix adjust.
Identities = 882/882 (100%), Positives = 882/882 (100%), Gaps = 0/882 (0%)

Query 1 MNALITIARCLESIRMVHKNLTDTTRYEYVEIPNGMRALIMSDPGLDKCSCAVSVRVGSE 60
MNALITIARCLESIRMVHKNLTDTTRYEYVEIPNGMRALIMSDPGLDKCSCAVSVRVGSE
sbjet 1 MNALITIARCLESIRMVHKNLTDTTRYEYVEIPNGMRALIMSDPGLDKCSCAVSVRVGSE 60

Query 61  DDPADAQGLAHFLEHMLFMGTEKYPVEDGLSYFLSKNNGGYNATTYGEATVYYFDVRPEA 120
DDPADAQGLAHFLEEMLFMGTEKYPVEDGLSYFLSKNNGGYNATTYGEATVYYFDVRPEA
sbjct 61  DDPADAQGLAHFLEHMLFMGTEKYPVEDGLSYFLSKNNGGYNATTYGEATVYYFDVRPEA 120

Query 121 FEEAVDMFADFFKSPLLKI K 180
F FKSPLLK

sbjet 121 F FKSPLLK] LSK 180

B e
*http://blast.ncbi.nlm.nih.gov/Blast.cqi

//' _/. -~
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The NCBI BLAST family of programs includes:
blastp

compares an amino acid query sequence against a protein sequence
database

blastn

compares a nucleotide query sequence against a nucleotide sequence
database
blastx

compares a nucleotide query sequence translated in all reading frames
against a protein sequence database

tblastn

compares a protein query sequence against a nucleotide sequence database
dynamically translated in all reading frames

tblastx
compares the six-frame translations of a nucleotide query sequence against

the six-frame translations of a nucleotide sequence database. The tblastx
__program cannot be used with the nr database on the BLAST Web page.
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oA oB ocC
00000000000 000000000000000Q 200
o 1o 29 390 €9
Ther_tengcongensis IVGTWIKTLRDLYGNDVVDESLKSVGWFPDRVI AKV[SE[KTGKNVN[E|
Clos_acetobutylicum VGTWVKTCKRL[YGETVVENALEKV|G|F|ERKK|IF EDI|SKKVNEEKS|I
Clos_tetani IVATWMRTCRKL[YNDDVVNKAMS S V|GW|D|S|N|K|T F| EYIAKSEKLELGH|
Desu_desulfuricans LIPKIFMNFIKEIYGDDVFAHVSKTMG.|.|.|E[P|VF| EIVICORTGEQPKL
Vibr vulnificus I|FTEFLELVEEKFGLTVLDDILDRA[GD,.|.|EGV Y| VHL|SQVTGLSVE(Q
Caul crescentus I|FNLLQEVV[SAAHGADAWDDILDEA[GV|.|.|SIGA Y] ETASARLSLSRGE
Micr_ degradans LIALNDMVEEV|FSMAVWDQVLAKVKPD|S|EG|T Y| VAL[SELTGVPVN[E
Vibr_cholerae I[YTVLSDMV|IEKFGVLFWDQML|EDL[KP|S|S|EIGIV Y| GYL|SE[KAQIPAPD
Shew_oneidensis I|FNVLEDMV[VAQCGMSVWNELL{EKHAP|. KDR|V Y| QDVAQRLNMPIQD)
Rat_betal sGC NHALELLV|IIRNYGPEVWED IKKEAQLDEFEGQF AAASKVLNLNAGE
Rat_beta2 sGC INTCLQSLV|ITEK[FGEETWEKLKAPAEV|QD[V].|. F| QEAICKVLDVSME[M
Nost_punctiforme NKAIQDMV|ICSR[FGEETWKQIKHKAEV|. DVD|VF KAA[SVIILSLSPKQ
Nost_sp. NKAIQDMI/SKHHGEDTWEA I KIQKA|GLED(I/DF F| GAASEVLGKPAE[E
consensus>50 MkG :L....qdmv...ygededdil...g.e.a.vf...e ydd.....lv...se.......a
1 5 10 15 20 25 30 35 40 45 50 55 60 65
oD OE oF B1
2000 0000000000.0000
8(_) 10(_) 119 129
Ther tengcongensis IWREV[GRQNIKTFSEWFPSYFAGR. . .RLVNELMMMDE.[V] [DTKMT K| MIAKPVAKD.
Clos_acetobutylicum IWEKI[§EDNVIAFHKDFPAFFEHE...NLY[SFFKSMFD .|V T|K/KIF P|G ILIKPISKR.
Clos_tetani LWRQI[EKDNLVSFYNDFPAFFQHE. . .NLY[SFFNS[LFD[.|T T|K/KIF P|G VITIEPISSK.
Desu_desulfuricans FFEKA[RASLQAFNRMYRQYFKGE. . .TLK[EFLLAMND.|T LI T|KDIN P|G] FEYDD.QGD.
Vibr vulnificus LOEV|FlgEAVFDNLLASISNRSSLHQCHSTF|OF IRHVEE[Y[T VIK[KIL|Y P|D FIFIEQDRM.
Caul_crescentus LLRWF[§OEAMPHLARAYPVFFEGHV. .|SSR|SFLAGVND|I|T VIH|K|L[Y AlG] LLKLRAIDAG.
Micr_ degradans LVRS[FETYLFHQLNSKFPIFCDLHT . .|NIFDLLSSIHGV|T VID|K|L[Y S|N| INCTKLSDS.
Vibr cholerae LVRA|Y[€E[YLFTHLFNSLPENYPHKS . . DLK|TFLLS[VDKV|T VIQIR|L|Y P|D| FE.NRVEEK.
Shew_oneidensis VVKAF[EOFLFNGLASRHTDVVDKFD. .[DFT|SLVMG|IHDV|T VIN[KIL|Y HE INGQLLPNN.
Rat_betal sGC ILQMF[EKMFFVFCQESGYDTILRVLGSNVR|EFL|QN|LDA. L LAIT|I[Y P|G FRCTDAEKGK
Rat_beta2 sGC ILKLF[EEYFFKFCKMSGYDRMLRTLGGNL|T|EF I|[EN|LDA. |L| LIAILIS[Y QE FRVEEGADG.
Nost_punctiforme IMQAF[EEFWVQYTAQEGYGEMLDMSGD(TL|P|EF L|EN|LDN. |L| V|G|V|S|F PIK| FECTDMEEN.
Nost_sp. LLIAF[EEYWVTYTSEEGYGELLASAGD|SLPEFMENLDN].|L [VIGIL{S|F PIQ AIEECQHTSSK.
consensus>50 ....fGe....................nl efl..ldd iﬂ. v.k.ypapP
75 80 85 90 95 100 105 10 115 120 125 130
[vie} B3 Ba
159 16(? 17(_) 189
Ther_tengcongensis AF .M E[C|S[S|K F[F]. S[VIEEVERGEKDGFSRLKVR/IK[FKNPVFEYKKN
Clos_acetobutylicum EA .M K|G|S|ANH|F|. E|I|E[E[VIEKTKES. .. .VVLKFTFDKDIYYKKSF
Clos_tetani EA .M EG|S|I[KY[F|. E|I|E[ELERTNES. . . . LKLKLK[FQKNIYLKKEF
Desu_desulfuricans T/ .|y KAAAEF[K . R|I|S|S[EHAGKG. .. .RTTAR[VT[FIK........
Vibr vulnificus KM .M R(G|CAKH|F|. A|T/OME|TLNPTG. . SHVRFN|VALVKGKQDG. . .
Caul_crescentus GV .M EGARARQF| . T|FEHARACVEKGD . SACVFH|I|GWPSLEAAAND.
Micr_degradans H[L .| IlGIAREH|Y]|. S|V|S|Q|CI)|CVHQGA . DECLIDVKIT . . . . o ...
Vibr_cholerae TL| .| LIGARKOQF| . KI|T/QP[VCMHCGA . DHCEIVVE[FLPS. ... ...
Shew_oneidensis oz .| F|G|AIAQHIF|. Q|T|SHD|TICMHTGA . DHCMLI|IE[LQND. . . . . . .
Rat_betal sGC GlL) L KT[V|AQQ[T DMKV|I[Q. . . . . QRSEECDHTQFLIEEKESKEE
Rat_beta2 sGC AM L EAVAKDIF AMS|IILDMNEEVERTGKKEH[V[V|[F[LVVQKAHRQI
Nost_punctiforme s|L| L GILG/TR|F|. HII|T|QTQ. - . . - NRDEGAEHDE[FLVIYKPN. . .
Nost_sp. siM | HGILGKR[F. EVTQTA. . . .. FRETGEDHDI'ESIKYEDSNLY
consensus>50 .l1.m.Y.S.R..1 Gl:.ga..f..ee:. :. L A = P T T
135 140 145 150 155 150 155 170 175 180 185 190 195
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Optimal Solution:
Extend Needleman-Wunsch or Smith-Waterman to multiple
sequences

But O(n™) in time and memory:
Computationally not feasible... 4 sequences of length 1000 ->
AIBRAM — — — — >S—————




| Multiple S Ali t
o YA, Bl Sedsence Alanmen

Seql: AGA--CTA
Seqg2: G-A--CTT
Seq3: AGAAACTT

AGA--CTA Seql: AGA--CTA G-A--CTT
G-A--CTT Seq3: AGAAACTT AGAAACTT

45,if a,=b,

=2,if a; =D,

—6, for introduction of a gap

AGA--CTA Seql: AGA--CTA Seq2: G-A--CTT
G-A--CTT Seq3: AGAAACTT Seq3: AGAAACTT
+5 Score: +11 Score: 0O




; Multiple Sequence Alignments
CIBIV
///’“\\W MFPL Progressive alignment strategy

The sequences are added stepwise. Thus, never
more than two sequences (or multiple sequence
alignments) are simultaneously aligned

Sequences or MSAs are aligned using Dynamic
Programming
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of Species
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Evolutionary relationships
CIBIV///A\\W/ MEPL of genes and gene products

Orthology




; Evolutionary relationships
CIBIV
///’“\\W MFPL of genes and gene products

Orthology vs. Paralogy

=) Ta'e

N"O

22, ZSSm 6,698 m , .
Genes Eg @ Genes Eg @ Genes ;




Evolutionary relationships
CIBIV///A\\W/ MEPL of genes and gene products

Orthology vs. Paralogy
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Evolutionary relationships
CIBIV |
///’“\\W MFPL of genes and gene products

Orthology vs.|Paralogy
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; Evolutionary relationships
CIBIV
///’“\\W MFPL of genes and gene products

Co-Orthology and|In-Paralogy

<: I
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22, ZSSm 6,698 m
Genes Eg @ Genes Eg @
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e -
| ory
22,258 6,698
Genes - Genes S

Main arguments for the orthology
assumption:
a sequence tree that is congruent
to the species tree
conservation of genomic position
sequence similarity (typically,
reciprocal best blast hit)




\, Orthology prediction:
cIBtv ///'A“\W/ MFPL The RBH approach

Proteome A Proteome B

Modified from Remm et al. J. Mol. Biol (2001) 314: 1041-1052




Orthology prediction:
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CIBIV ///A\\W MEPL Tree reconstruction




| Working Hypothesis:
CIBIV |
///A\\\W MFPL Species evolution is tree like

A_B C_D E F G Living species

Fossil species

y 2 J 2 9

\J / /J‘(

| .
Ancestral (common) species
u

Time

B §$ :
> S Gt 2
REiiitianat,
RESSS T2




CIBIV/// / MEPL Tree reconstruction

The Tree of Life

Thermophiles

and
Hyperthermophiles

eqeowejuy

Wniesofo g
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A

Tree notation

external
branch bifurcation

o’
inner node 44

) ’ root
internal branch

multifurcation

internal multifurcation

C branch

3
» inner node
A S |
external bifurcation
branch

D

’

1



How many trees exist?

B A e




CIBIV ///A\\W MEPL How many unrooted trees exist?

(2n-)5)!
2" (n - 3)!

b(n) =

b(10) =2027025

b(55) =2.9 x10*

b(100) =1.7 x10'*




CIBIV [/, // \W MEPL Tree formats

———

ABCD EABC DCAB EC BA D

NAAAY

~ ((A.B.C)(D.E)) (D.E)(A.BC)  ([ED)(CAB) ((€.(C.8)) (A.D))
L




CIBIV ///A\\w / FPL 'SI'Q I:1eee trli|3eresentat|ons of the

#NEXUS

begin taxa;
dimensions ntax=7;
taxlabels
DROME
CIOIN
HYDMA
SACCE
CAEEL
ACRMI
HOMSA

A
end;

begin trees;

tree [&r] tree_1 = (((((CIOIN:0.4222,HOMSA:0.2777)
[&label=97]:0.0575,
(ACRMI:0.2611,HYDMA:0.37)[&label=100]:0.0745)
[&label=100]:0.0764,
DROME:0.42)[&label=100]:0.1034,CAEEL:0.6027):0.5804,
SACCE:0.5832);
end;

begin figtree;
set appearance.backgroundColour=#-1;
end figtree;

e, — - /

(((((CIOIN:0.4222,HOMSA:0.2777)97:0.0575,(ACRMI:
0.2611,HYDMA:0.3700)100:0.0745)100:0.0764,DROME:
0.4200)100:0.1034,
CAEEL:0.6027):0.5804,SACCE:0.5832);

-




CIBIV///»\\\”/ MEPL Some more notations

Monophyletic group
(clade, sistergroup)

A

[ Chimpanzee | [ Human |

Paraphyletic group
(e.g. reptiles)

G O ar

| Lizards | [ Turtles |

Polyphyletic group

o~

-\

N Id f old Id
ew worl k | B|rds of Prey | wor |
vuItures M [ vultures




CIBIV ///,a.\\\w MFPL Some more notations

Character based phylogeny reconstruction:

A character has to be expressed in at least two
states in the taxa under study. Taxa are
grouped on the basis of shared character
states.
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CIBIV ///"‘\\\W / MEPL

Some more notations

Character based phylogeny reconstruction:

A character has to be expressed in at least two
states in the taxa under study. Taxa are
grouped on the basis of shared character
states.

An evolutionary derived character (state) is
called an Apomorphy

Syn-Apomorphy: an evolutionary derived
character (state) shared by a group of taxa.
Aut-Apomorphy: an evolutionary derived
character (state) present only in a single taxon
Plesiomorphy: an ancestral character (state)
shared by a group of extant taxa.

Homoplasy: A derived character (state) that is




CIBIV ///A\\W MFPL How to infer a tree from data

Method Evaluation
Criterion

Maximum Parsimony Parsimony

Characters
(Alignment)

Statistical Approaches:

Evolutionary

Likelihood, Bayesian > Model
odels

Distances Distance Methods




CIBIV///A\\\W mepL  The Maximum Parsimony Principle

u—————- »  Occam’s Razor (law of parsimony)
states:
Pluralitas non est ponenda
sine necessitate.
I Plurality should not be posited
z without necessity.
l,‘ ; '; The principle gives precedence to
lh; b . s1mphclty, of two competmg theones
5 i — —— !!__5 er ¢ J*’é“'i* for ai

'ﬁ"%ﬁ

William of Ockham, 1285- 1347/49

’a’




CIBIV///N\”// mepe  The Maximum Parsimony Criterion
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CIBIV///N\”// mepe  The Maximum Parsimony Criterion
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CIBIV///N\”// mepe  The Maximum Parsimony Criterion




cretv ///A“\\”// MFPL The Maximum Parsimony Tree




CIBIV ///A\\\\[/ MEPL The Fitch algorithm (1970)

1 2 3 4 S5 1. Initialize state set S, at each leaf k

{C}y {A} {cy {A} (G} with the characters from the
alignment.
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1 2 = - > 1. Initialize state set S, at each leaf k
{C}y {A} {cy {A} (G} with the characters from the

alignment.
2. Construct the state sets of all
internal nodes in a post-order-

traversal starting at the root node
{?} {?}




CIBIV ///A\\\\[/ MEPL The Fitch algorithm (1970)

| 2 3 4 5 4
{Cr A{A} {C} {A} (G}

VoAV

{A,C} {A,G}

: ..C..

. Initialize state set S, at each leaf k

with the characters from the
alignment.

Construct the state sets of all
internal nodes in a post-order-
traversal starting at the root node

. Let k be the current node and /,j

its descendents, then build the
intersection of S; and S;:

1. If 5;NS; + {}: set 5,=5,NS;

2. If S5;NS;={}: set 5,=S, U S;
and increase the tree length
by 1.




CIBIV ///A\\\\[/ MEPL The Fitch algorithm (1970)

1 2 = - > . Initialize state set S, at each leaf k
{C}y {A} {cy {A} (G} with the characters from the

alignment.
. Construct the state sets of all
internal nodes in a post-order-

traversal starting at the root node
{A,C} {A,G}

. Let k be the current node and j,j
its descendents, then build the

1: ..C intersection of S; and S;:
2: .A.. 1. IfS;NS; # {}: set $,=S,NS,

3. 2. If S,NS;= {}: set S,=S, US,
S & , and increase the tree length

by 1.

. Continue with the traversal until
the state set S, ,; has been
reconstructed.




CIBIV ///A\\\\[/ MEPL The Fitch algorithm (1970)

1 2 = - > . Initialize state set S, at each leaf k
{C}y {A} {cy {A} (G} with the characters from the

alignment.
. Construct the state sets of all
internal nodes in a post-order-

traversal starting at the root node
{A,C} {A,G}

. Let k be the current node and j,j
its descendents, then build the

1: ..C intersection of S; and S;:
2: .A.. 1. IfS;NS; # {}: set $,=S,NS,

3. 2. If S,NS;= {}: set S,=S, US,
S & , and increase the tree length

by 1.

. Continue with the traversal until
the state set S, ,; has been
reconstructed.




CIBIV ///,.;\\\\ﬂ// MEPL MP Objective Function

Aim: Find the tree T that minimizes the following function

L(T) = iia)j *diff (X 5% ;)

k=1 j=1

diff: Scoring matrix for changes
w;: Alignment-specific weight (often w;=1, for all j)

A: Alignment length
B: Number of branches in T

k’, k' Endnotes of branch k




CIBIV ///A\\W/ MEPL Aspects of Maximum Parsimony

1. Parsimony is often considered model-free

2. One has no choice of a model, but the
algorithm assumes that changes are rare and
backmutations do not occur (model)

3. Although assumption 2 is often true for
morphological data, it is certainly not true for
biological sequence data
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Edit distance (Hamming)
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Edit distance (Hamming)
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CIBIV ///A\\\ﬂ// mepy  Distance based tree reconstruction

Aim: Find branch lengths v, such that the sum of the
branch lengths connecting any two leaves gets close to
the measured distances between all pairs of leaves, e.q.

measured
A.D




CIBIV///N\”// MEPL The Four-Point-Condition

Theorem: Four-Point-Condition

A distance matrix (d,-’j), Ij=1....n, is representable as a tree, if
and only if

d(a,b)+ d(c,d) < max{a’(a,c) +d(b,d),d(a,d) + d(b,c)}
for all a,b,c.d € {1,2,...,n}




CIBIV///N\”// MEPL The ultrametric inequality

Theorem: The ultrametric inequality

A distance matrix (d;), i,j=1....n, is representable as a clock-
like tree, if and only if

d(A,B) < max{d(A,C),d(B,C)}
for all triple (4,B,C)




CIBIV///A\\W MFPL The Neighbor Joining Algorithm*

1. begin with a star tree:

F

3. take the pair (A,B) that minimizes Eq. (1)

it -~ i al 5 o . —

e e

Saitou and Nei (1987), Mol Biol Evol 4:406-425



CIBIV///A\\W MEPL The Neighbor Joining Algorithm

4. cluster (A,B) and define an interior node W

P

5. compute branch lengths for the external edges:

V(AW) = % D(A,B) + - 1_ 5 iD(A,k) — D(B,k)

v(B,W)=D(A,B)-v(AW)

T = - =

e L —y

,\‘\A\




CIBIV///A\\\H// MEPL The Neighbor Joining Algorithm

6. compute distance W to the remaining m-2 leaves:

DWW k) = %(D(A,k) + D(B.k) - D(A,B))

7. continue with step 1 with the reduced set of leaves




CIBIV///N\”// MFPL The Maximum Likelihood criterion

Modelling sequence evolution

S, :..AAGGCTTCAG..

lTime t,

S,:..AAGGC TCAG..

lTime thiq

S,:..A GG CTCAG..




CIBIV///N\”// MFPL The Maximum Likelihood criterion

Modelling sequence evolution

1. First order Markov process
The evolutionary process is

S.:..AAGGCTTCAG... memory less, i.e. sequence S,
1 l mutates to S5 during time t, 4
Time t,

independent of S,
S,:..AAGGC TCAG...

lTime thiq

S,:..A GG CTCAG..
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Modelling sequence evolution

1. First order Markov process
The evolutionary process is

S.:..AAGGCTTCAG... memory less, i.e. sequence S,
1 l mutates to S5 during time t, 4
Time t,

independent of S,

. 2. Stationary
SZ :..AAGGC TCAG... The overall character
lTime t frequencies mx; of the

nucleotides or amino acids
S3 . ...A GG CTCAG... remain Constant_




CIBIV///N\”// MFPL The Maximum Likelihood criterion

Modelling sequence evolution

1. First order Markov process

The evolutionary process is
S, :..AAGGCTTCAG... memory less, i.e. sequence S,

mutates to S5 during time t, 4
lTime t,

independent of S,

S,:..AAGGC TCAG.. 2+ Stationary

The overall character
lTime t ., frequencies TT; of the

nucleotides or amino acids
S3 . ...A GG CTCAG... remain Constant_

. Time reversible
Wi'Pij(t)= Pji(t)'nj




CIBIV///,a\\\ﬂ// MEPL Modelling sequence evolution

Evolutionary models are often described using a substitution
rate matrix Q and character frequencies I1I.




CIBIV///,a\\\”// MEPL Modelling sequence evolution

Evolutionary models are often described using a substitution
rate matrix Q and character frequencies I1I.

0= (m,.7..7;7;)

From Q and IT we reconstruct a
substitution probability matrix
P where P;(t) is the probability
of changing /i tojin time t.




101 )

2 subst. types
(transitions vs.
transversions)

JC69

| substitution type,
equal base frequencies

different base
frequencies

F81
Further modification:

DNA sequence evolution models

different base
frequencies

> TNO3
3 subst. types
(Lransversions,

2 ransitions)

2 subst. types
(transitions vs.
transversions)

» GTR
6 subst. types

(4 transversions.
2 transitions)

rate heterogeneity: invariant sites, [-distributed rates, mixed.




CIBIV///A\\W/ mepL Protein sequence evolution models

Generally this is the same for protein sequences, but with 20 x 20
matrices. Some protein models are:

Poisson model ("JC69" for proteins, rarely used)

Dayhoff (Dayhoff et al., 1978, general matrix)

JTT (Jones et al., 1992, general matrix)

WAG (Whelan & Goldman, 2000, more distant sequences)
VT (Miiller & Vingron, 2000, distant sequences)

mtREV (Adachi & Hasegawa, 1996, mitochondrial sequences)
cpREV (Adachi et al., 2000, cloroplast sequences)

mtMAM (Yang et al., 1998, Mammalian mitochondria)
mtART (Abascal et al., 2007, Arthropod mitochondria)
rtREV (Dimmic et al., 2002, reverse transcriptases)




CIBIV ///,a\\\\ﬂ// MEPL The Likelihood function

The likelihood of sequence s evolving to s’ in time t:

S: G TCCTGA AGAAATAAAC
S': G TCCTGA AGAAATAAAC




CIBIV ///,.;\\\\ﬂ// MEPL The Likelihood function

The likelihood of sequence s evolving to s’ in time t:

Log-Likelihood surface under JC69

S: G TCCTGA AGAAATAAAC
S': G TCCTGA AGAAATAAAC

=
=
]
£
°©
=
T
=3
K=}

InL= . -36.4
at=1 0.1073

| T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

branch length [subst. per site]




CIBIV ///,4\\“]// MEPL Tree likelihoods

Given a tree with branch lengths and sequences for all nodes,
the computation of likelihood values is straightforward.
Usually no sequences are available for the inner nodes
(ancestral sequences). Hence we have to evaluate every
possible labeling at the inner nodes:




CIBIV ///,4\\W/ MEPL Tree likelihoods

Given a tree with branch lengths and sequences for all nodes,
the computation of likelihood values is straightforward.
Usually no sequences are available for the inner nodes
(ancestral sequences). Hence we have to evaluate every
possible labeling at the inner nodes:

for every column in the alignment.

But there is a faster algorithm...




CIBIV///,a\\\”// MEPL Calculating tree likelihoods

For a single alignment
column k and a given tree:

0.91ifi=j
0.09 ifi=j

withd, =0.1 V¥ x €{1,..,5}, and P,(0.1) = {




CIBIV///,a\\\”// MEPL Calculating tree likelihoods

For a single alignment
column k and a given tree:

L.(i) =[P(d) x L(C)] x [P (d,) x L(G)],V i € {A,C,G.T}

0.00098

0.02844

0.02844

0.00098

091ifi=j
003 ifi=j

withd, =0.1 ¥V x €{1,..,5}, and P,(0.1) = {




CIBIV///,a\\W/ MEPL Calculating tree likelihoods

For a single alignment
column k and a given tree:

L.(i) =[P(d) x L(C)] x [P (d,) x L(G)],V i € {A,C,G.T}

[ N P(d,)xL,(j)|ViE{ACG.T)

v={34,5}| j={ACGT}

0.0000027

0.0000263 091ifi=j

withd, =0.1 VY x €{1,..,5}, and P,(0.1) = Y
: ’ 003 ifi=j




CIBIV///A\\W/ MFPL Calculating tree likelihoods

For a single alignment
column k and a given tree:

Ly(i) =[P (d) x O] x [P (dy) x L(G)).Y i E{A,C.G.T}

[ N P(d,)xL,(j)|ViE{ACG.T)

v={34,5}| j={ACGT}

1= Eni x L (i) = 0.005489

i={ACGT}

0.0000027
091ifi=]
0.00002505 = : —— withd, =0.1V x € {1,..,5}, and P,(0.1) = { /

T 0-9000927 e 003ifi=j




BV I e

Calculating tree likelihoods

For an alignment of four
sequences and length m=3
the likelihood is then

L(T) =] L = 0.005489° x 0005489

k=1

=0.0000001653381

or the log-likelihood is

InL(T) = EZ=11nIf") = -15.61527




CIBIV///A\\\”// MFPL Optimizing branch lengths

To compute optimal branch lengths do the following. Initialize

the branch lengths. Choose a branch (A). Move the virtual root
to an adjacent node (B). Compute all partial likelihoods

recursively (C). Adjust the branch length to maximize the
likelihood value (D).




CIBIV ///,4\\\“// MEPL Finding the best tree

1. Exhaustive Search: evaluates every possible tree and
hence an optimal solution is guaranteed. Limit: 10-12
taxa

2. Branch and Bound: excludes parts from the tree space
from the search where the optimal tree cannot be found.
Guarantees to find the optimal tree.

3. Heuristics: Can be applied to large taxon sets but does
not guarantee an optimal solution




Finding the best tree:
cIBtv ///’““\\”// MFPL Heuristic search

Building the tree: Stepwise insertion

S
- c

4 -3920.98
’

1 B A B
A—‘<----> H
’ C D

y C 3689.22
\

\

s~-"’A>—<C
B D

-3920.21




Finding the best tree:
cretv ///A“\W/ MFPL Heuristic search

Building the tree: Stepwise insertion

A B
-~ H
- D C

’ :3920.98
! B

1 A B
A—‘-<---'>>—<
] C D

y C .3689.22

]
C 2] ’ \ C D
-’ ~
S N~ >\(4‘ ’/\'/4
>—< £ D A £
B D A B

-3920.21 -4610.40 -4579.17

\




Finding the best tree:
CIBIV///’“\\W MFPL Heuristic search

How can we deal with local maxima in the likelihood surface?




Finding the best tree:
cIBtv ///’*\W MFPL Tree rearrangements

Nearest Neighbor Interchange (NNI) Subtree Pruning + Regrafting (SPR) Tree-Bisection + Reconnection (TBR)
O(n) NNI trees O(n?2) SPR trees O(n®) TBR trees

- S T - - - - - i a—



CIBIV ///,4“\\”// MEPL Summarizing trees

Definition: A split Y|Z in the tree is a bipartition of the
leaves/taxa into two subsets Y and Z induced by removing
an edge from the tree.




CIBIV ///,4“\\”// MEPL Summarizing trees

Definition: A split Y|Z in the tree is a bipartition of the
leaves/taxa into two subsets Y and Z induced by removing
an edge from the tree.

Definition: Two splits W|X and Y|Z are compatible, i.e.
not contradictory, if at least one intersection of W N Y,
WnNnIZ,XNY, XN Zisempty.

A




Summarizing trees

ABICDEF strict consensus

ABCIDEF
ABCIDEF \ /
ABCIDEF - 3 (100%)

ACIBDEF semi—strict
ACIBDEF - 2 (66.7%
— o) g ABCIDEF

F ABICDEF - 1(33.3%)
ABCIDEF 33,37 ABCDIEF

ABCDIEF - 1 (33.3%)
ACIBDEF majority-rule
ABCIDEF ACIBDEF

ABCDIEF ABCIDEF

Strict consensus: contains only splits that occur in all
input trees

Semi-strict consensus: contains only splits that are not
contradicted by any tree

Majority-rule consensus (M,): contains all splits that
occur in more than / input trees, where typically I = 50%.




CIBIV ///A\\\\" / MEPL

-
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\
\

R Sample 1

\

\
.

]
1
1
'. = . Sample 2
:
\

Y . Sample x

, === Alignment |-

. .AGGCUCCARA. .
LAGGUUCGARAA . .
. .AGCCCCGARAA. .
. .AUUUCCGARAC. .

. .AGGGGUCARAA. .
. .AGGGGUCARA . .
. JAGGGCCCARA. .
. .AUUUUCCACC. .

. .GGGUUUUCAA. .
. . GGGUUUUGAA. .
. .GCCCCCCGAA. .
. . UUUCCCCGAA. .

. .AGUUCCAARR. .
. .AGUUCCAARR. .
. JACCCCCARRA. .
. .AUCCCCAACC. .

m O

-

Tree 1

(=~ B o B
m O

e )

Tree 2

Assessing the confidence of trees:
The (non-parametric) Bootstrap

66
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What is the goal?
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Biological Problem Problem solution




