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7/10 or 0.70

A, DEEBCX [HFZK & (A closer to BC or DE

closer to BC)?

A5B. CHIFHEE=(0.7+0.7) +2=0.7 ‘

A-B=0.7
A-C=0.7
D-B=0.7
D-C=0.5
E-B=0.7
E-C=0.5

Lo R e e R e N

1
(=T I — T ]

A -
R
N L
L A4 0.7 0.t -
E A4 0.7 0.5 08—
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( Distance matrix)

D, E5B. CHFIIEE=(0.7+0.5+0.7 +
0.5)+ 4=0.6
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A-D=04

B-D=0.7

C-D=0.5

A-E=0.4

B-E=0.7

C-E=0.5

SRR =3.20

PR =32 + 6=0.53
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Compute the pairwise
alignments for all against all
(6 pairwise alignments)
the similarities are stored in a
table

" /

A C
A
B | 11
C| 3
D | 2 10




Alignments can be easy or difficult (%4
CEXS O] AR 211, 0] ATRXE)

GCGGCCCA TCAGGTAGTT GGTGG
GCGGCCCA TCAGGTAGTT GGTGG
GCGTTCCA TCAGCTGGTT GGTGG
GCGTCCCA TCAGCTAGTT GGTGG

GCGGCGCA TTAGCTAGTT GGTGA
kkk  kk Kk _kk Kk Khkk khhkkk

TTGACATG CCGGGG---A AACCG
T-GACATG CCGGTG--GT AAGCC
TTGGCATG -CTAGG---A ACGCG
TTGACATG -CTAGGGAAC ACGCG

TTGACATC -CTCTG---A ACGCG
* *.***o *oo.* ° *oo*.



Cluster the sequences to create a tree\

(guide tree):
» Represents the order in which pairs of

sequences are to be aligned

» Similar sequences are neighbors in the
tree

* Distant sequences are distant from each
other in the tree

AlB|C

A

B | 11

c |3

D |2]2]10
A

|

| B
C

O
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« Substitution models for nucleotide sequence

Jukes-Cantor (JC, nst=1): Equal base frequencies, all substitutions equally likely (Jukes
and Cantor 1969)

Felsenstein 1981 (F81, nst=1): Variable base frequencies, all substitutions equally likely
(Felsenstein 1981)

Kimura 2-parameter (K80, nst=2): E%ual base frequencies, variable transition and
transversion frequencies (Kimura 1980)

Hasegawa-Kishino-Yano (HKY, nst=2): Variable base frequencies, variable transition and
transversion frequencies (Hasegawa et. al. 1985)

Tamura-Nei (TrN): Variable base fre%uencies, equal transversion frequencies, variable
transition frequencies (Tamura Nei 1993)

Kimura 3-parameter (K3P): Variable base frequencies, equal transition frequencies,
variable transversion frequencies (Kimura 1981)

Tran?ition Model (TIM): Variable base frequencies, variable transitions, transversions

equa

Tranfversion Model (TVM): Variable base frequencies, variable transversions, transitions

equa

%ym%netiii:)al Model (SYM): Equal base frequencies, symmetrical substitution matrix (A to
=1to

General Time Reversible (GTR, nst=6): Variable base frequencies, symmetrical
substitution matrix (Lanave et al. 1984, Tavare 1986, Rodriguez et. al. 1990)



Kimura 2-Parameter Distance
(K2P)

 Two rates of substitutions, for
transitions and transversions

c=>a| -
g=>a g:)c -
t=>a | t=>c | t=>¢g -

—~+ QO | D




Generalized Time Reversable Distance

o Six different substitution rates

« Backward rates are same as forward
rates

a C g {
3 i,
C 1
g 2 3 -
t 4 5 6 -




Why do we need models?
(BATA T 2 FERED)

DNA distances

Uncorrected P = apparent # substitutions
total # nucleotides

l: acgttcgacg
2: acattcgacg
3: acacccgacg



Why do we need models?
(BATAF 2 FERED)

DNA distances

Uncorrected P = apparent # substitutions
total # nucleotides

l: acgttcgacg

2: acattcgacg

3: acacccgacg
P,, = 1/10 = 0.10
P,, = 3/10 = 0.30



Why do we need models?

(BATAH A RE

R

Saturation of gene sequences

l: agtctccaggtgec
2: agtccccaggtgc
3:agtctccaggtgc
4: agtcdccaggtgc

acgtctt
acgtctt

acgtctt
acgtctt

sequences actual # apparent #
substitution substitutions
1and 2 1 1
1and 3 2 0
1 and 4 3 1




A B
t=>c
C D
Distance actual # apparent #
substitution substitutions
AorCtoBorD 1 1




A B
C D
Distance actual # apparent #

substitution

substitutions

AorCtoBorD

AorCtoBorD




t=>c
c=>t
t=>a2a

C D
Distance actual # apparent #
substitution substitutions
AorCtoBor
AorCtoBor

AorCtoBor




Substitution rates

All rates equal (essentially the Jukes-Cantor
model)

Transitions have different rate than
transversions

Two different kinds of transversions (this gives
us three rates)

Maximally, all types of substitutions are allowed
to have their own rate

But note that substitution rates are not
Independent of base frequencies in the datal



Base Frequencies: equal or variable?

(FEMR: BRRYFERAE? )

» Jukes-Cantor (JC, nst=1): Equal base frequencies, all
substitutions equally likely

To different data set, JC model uses the same fixed

substitution rate (alpha is a constant, approximately equal to
Z€ro).

Pirimidinas

c

» Felsenstein 1981 (F81, nst=1): Variable base
frequencies, all substitutions equally likely

T

+
P

., O e

o, P

T e
A D)
o .

f:ﬂf '\‘\\‘
o ot
o CL i,
e Y

A

=G

Furinas

To different data set, F81 model uses the different estimated
substitution rate, although transition and transverstion rate 1s
the same 1n F81 (alpha estimated from data set).

Variable base frequencies are more realistic
(A ZRBERF A 5EfR)




Substitution Rate Models

GTR

« GTR = general
time reversible

TrN SYM
- « JC = Jukes
2 substitution types 3 substitution types

(transitions vs. transversions) itransitions, 2 transversion

Cantor

L 3
HKY#5 K3sT
Fa4 e Equal base

\ * Relax each

3 substitution types
(transversions, 2 transition classes)

2 substitution types

| “ [transitions vs. transversions) a S S u m p‘t IO. n to
A a move to the
Single substitution type mo d e I b e I ow

Single substitution type

Equal base frequencies

JC



Take home message
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Phylogeny

Phylogenetic trees are about
visualizing evolutionary
relationships

From the Tree of the Life Website,
University of Arizona

Orangutan Gorilla Chimpanzee Human



Phylogenetic trees diagram the evolutionary
relationships between the taxa

Taxon B

>

Taxon C

No meaning to the
spacing between the
Taxon A taxa, or to the order in
- which they appear from
top to bottom.

Taxon D

<

Taxon E

& [
<« »

This dimension either can have no scale (for ‘cladograms’),
can be proportional to genetic distance or amount of change
(for ‘phylograms’ or ‘additive trees’), or can be proportional
to time (for ‘ultrametric trees’ or true evolutionary trees).

((A,(B,C)),(D,E)) =The above phylogeny as nested parentheses

These say that B and C are more closely related to each other than either is to A,
and that A, B, and C form a clade that is a sister group to the clade composed of
D and E. If the tree has a time scale, then D and E are the most closely related.



Clades

* Evolutionary trees depict clades.

* A clade is a group of organisms that includes an
ancestor and all descendents of that ancestor. You can
think of a clade as a branch on the tree of life.

* cladestgslNE— TH—THEHELELEAEERAR
HY A 4 EE2H

Each of these highlighted areas is a clade:




Crocodiles

Snakes and
lizards — Reptile:

Turtles and

tortoises

Mammals

Molecular Evolution - Li



Terminology

* Homologue:. Orthologue Paralogue

» EIRERE (Homologue) : ERZERZIEEARYIFF, BHFHEEAIE
FmEEEUEFIFIENER, XEEFRAGEEHUEEFZEH TE
hll, SREFIBRILREE, (BFPARER 7 —LERIRAVSRHIE.

- BEXREEERE (Orthologue) : BERFEFEERZEIEEAE DM F, BT
Vsl (speciation) M=4EAER., XLEERTEYIFHSHZRIFET
HERIELES, BBEYTHNSW, XEEREARY IR,

- EXEFEERE (Paralogue) : ERERERRIEEE—1" 2, BAF
HESHSEHEMmMEENER, XEERREAER— MR, BHFEH
, BNEEREAHE TR N EEZEIAR,

« H/ARIE: Monophyletic, Kingdom



_a_

Gene
paralogs /\ duplication

:
al a2 —

Speciation

—aj—a.?— — al HaZz —

Spexjes | Species |

orthologs



(b

paralogs

Furgsl
iagEl
H#1 R
[ H42 | Human
H#3
A ,
U
WAarm
a2
AT HE  Human
=
e WAarm
Y Spactation worm-human

Oupliczation in animal ancestor o & and B ks

spacidon lungl-animals

L

YHCA_YEAST/I3G-4E68

_|

e VHE'EE- 418

e DT -361

BODG_ HUMAN15-5380

NG POV 25-36T

ENY 248 354 06

W ERS M 32-504

= O]

Fl SR0ens
i meianogasier
Fl SR0ens
i meianogasier
0 meianogasier

0 meianogasier

TRENLG B e les

orthologs

Erik L.L.
Sonnhammer
Orthology,paralogy
and proposed
classification for
paralog subtypes

TRENDS in
Genetics Vol.18
No.12 December
2002

http://tig.trends.co
m 0168-9525/02/%
— see front matter
© 2002 Elsevier
Science Ltd. All
rights reserved.




Trees

* Diagram consisting of branches and nodes
(how are my species related?)

e contains only one representative from each species.

 all nodes indicate speciation events

(how are my genes related?)

* normally contains a number of genes from a single species
* nodes relate either to speciation or gene duplication events

B nJ,)? =S A R NAR /95

, LJ%’?ﬁ%WW (species tree)

AP (gene

tree) . R FEHORE SRS MRS (L - R EOH



Gene tree, species tree

a A

Gene tree Species tree
b B
C D

We often assume that gene trees give us
species trees



Gene tree - Species tree

Gene A Speciation events Species A

Mutation events

Gene B Species B

Gene C Species C

Gene D Species D

Gene E Species E

Gene tree Species tree



(ene tree - Specles tree

Time /01\ Duplication /><
) A B C

Duplication

I Gene tree

« Speciation
Speciation /84_\
/\\ Q A B ¢

A B C Species tree
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HE R A7

« PR =L (Distance)

G
s B N TBIZY7%E (maximum parsimony, MP)
o Bx ALAZAIE (maximum likelihood, ML)

» DITHTX (Bayes)



Distance Methods



Distance methods

* Normally fast and simple
e e.g. UPGMA, Neighbour Joining, Minimum Evolution



UPGMA

« UPGMA (Unweighted group method with
arithmetic mean)
— Sequential clustering algorithm
— Start with things most similar
* Build a composite OTU
— Distances to this OTU are computed as
arithmetic means
— From new group of OTUs, pick pair with
highest stmilarity etc.
» Average-linkage clustering



JPGMA: Visually




UPGMA: example



UPGMA: example



UPGMA: example



UPGMA weaknesses



UPGMA weaknesses

« UPGMA assumes that the rates of evolution
are the same among different lineages

* In general, should not use this method for
phylogenetic tree reconstruction (unless
believe assumption)

 Produces a rooted tree




Neighbor Joining

* Most widely-used distance based method
for phylogenetic reconstruction

« UPGMA 1illustrated that 1t 1s not enough to
just pick closest neighbors

* Idea here: take into account averaged
distances to other leaves as well

 Produces an unrooted tree



Neighbor Joining (NJ)

1 7

8
1
: : —» >-
2
3
5
4

Start off with star tree; pull out pairs at a time

4
3



NJ Algorithm

Step 1: Let u; = zk,,i”%g
— (Almost) “average” distance to other nodes
Step 2: Choose 7 and j for which M}, —u; —u; 1s
smallest
— Look for nodes that are close to each other,
and far from everything else
— Turns out minimizing this 1s minimizing sum
of branch lengths



NJ Algorithm

Step 3: Define a new cluster (7, j), with a
corresponding node in the tree

1
> (i)

J

Distance from 7 and j to node (i,)):

[ = 0. Lt u-u,

d?‘: (1j) 0 5(MU U_’__ uf) Default: split distance but
_ a7 if on average one 1s further

d]‘: (fﬁj) 0' 5 (MJ _|_2/£ j Li) away, make 1t longer



NJ Algorithm

Step 4. Compute distance between new cluster

and all other clusters:
>\
— &
/(1))

M ( M Tk+jwjk — M I
Step 6: Continue until only 2 leaves remain

ik 24 ij
2

Step 5: Delete 7 and j from matrix
and replace by (3, j)



NJ Performance

* Works well 1n practice

o If there 1s a tree that fits the matrix, 1t will
find 1t

« Can sometimes get trees with negative
length edges (!)



Maximum Parsimony.

* Check each topology

e Count the minimum number of changes required to
explain the data

* Choose the tree with the smallest number of changes



Table 6.3.

Example of phylogenetic analysis to find the correct unrooted tree from tour aligned

sequences by the maximum parsimony method

Sequence position (sites)

Taxa and character
l 2 3 4 5 6 7 8 9
| A A G A G T G ( A
2 A G ( ( G T G ( G
3 A G A T A T ( ( A
"'.I.' .-Ii|. ( | l"; (I _-Ii|. T [. {. {.I
Adapted from Li and Graur 1991.
TREE | TREE Il TREE Il
Taxon 1 Taxon 3 Taxon 1 Taxon 2 Taxon 1 Taxon 2
G A G G G G
»
. A/ DN A/ N A/
&
. / \,&. . / \A R / \,&.
Taxon 2 Taxon 4 Taxon 3 Taxon 4 Taxon 4 Taxon 3
Total tree 1 2 3
length plus 2 other character arrangements

auer Associates|.)

in trees Il and 1l

® S 3 substitution

Figure 6.6. Example of phylogenetic analysis based on sequence position 5 in Table 6.3, using the
maximum parsimony method. {Redrawn, with permission, from Li and Graur 1991 [copvright Sin-




Maximum Parsimony

ACT GTA ACA ACT
»GTT GTA CA AC
1 3 13
GTT 2>>ACA GTT GTA
MP score =5 MP score =7
ACA GTA
CA GTA
1 2 1
ACT GTT
MP score =4

Optimal MP tree



Maximum Parsimony: Limitations

With only a few sequences, becomes computationally intractable (“NP-hard”)

# of rooted trees = (2n-3)!

272(n-2)!
# of unrooted trees = (2n-5)!
273(n-3)!
Number of possible trees (Felsenstein 1978)
#of species #rooted trees #unrooted trees
2 1 1
3 3 1
4 15 3
5 105 15
10 3.44x107 2.03x109
15 2.13x10M 7.91x10'2

20 8.20x107! 2.21x10%0



Maximum Likelihood

« (G1ven a probabilistic model for nucleotide
(or protein) substitution (e.g., Jukes &
Cantor), pick the tree that has highest
probability of generating observed data

— I.e., Given data D and model M, find tree T
such that Pr(D|T, M) is maximized

* Models gives values p, (1), the probability of
going from nucleotide 7 to j in time ¢



Maximum Likelihood

» Makes 2 independence assumptions
— Different sites evolve mdependently
— Diverged sequences (or species) evolve
independently after diverging
» If D, 1s data for ith site
Pr(D|T, M) = [1; Pr(D;|T, M)



Maximum Likelihood



Maximum Likelihood

* Given tree topology and branch lengths, can
efficiently calculate Pr(D|7, M) using dynamic
programming

— L.e., don’t have to enumerate over all internal states

e Finding best maximum likelihood tree is expensive
— Must consider all topologies
— Find best edge lengths for each topology

» Idea: use some search procedure, e.g., EM, to optimize these
lengths



Long Branches Attraction

Parsimony analysis implicitly assumes that rate of change
along branches are similar

G
N/
TN\,
A A
Real tree: two long branches Inferred tree

where G has turned to A mdependently



Comparison of Methods

Neighbor-joining Maximum Maximum likelihood
parsimony
Very fast Slow Very slow
Easily trapped in local | Assumptions fail Highly dependent on
optima when evolution is assumed evolution
rapid model

Good for generating
tentative tree, or
choosing among
multiple trees

Best option when
tractable (<30 taxa,
strong conservation)

Good for very small data
sets and for testing trees
built using other methods




How confident am | that my tree is
correct?

Bootstrapping: how dependent is the tree on the dataset
1. Randomly choose n objects from your dataset of n, with replacement
2. Rebuild the tree based on the subset of the data
3. Repeat 1,000 — 10,000 times
4. How often are the same children joined?

Jackknifing: how dependent is the tree on the dataset
1. Randomly choose k objects from your dataset of n, without replacement
2. Rebuild the tree based on the subset of the data
3. Repeat 1,000 — 10,000 times
4. How often are the same children joined?
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Nelghbour-joining trees of population
relationships



NJ tree based on SNP genotypes

Mozabite Bedouin

Druze
Palestinian -

,Basque

BECOEO

Africa
Eurasia
East Asia
Oceania
America

Adygei

. “Russian
Balochi

Kalash -

Burusho .- —
Mandenka

_ Uyaur
Yoruba Y9

[Bantu (southern Africa) /

Bantu (Kenya) Papuan

San Melanesian

Biaka Pygmy .Mbuti Pygmy

~ Maya
Pima /' _Colombian

Yakut Mongola

Daur
Cambodian
Yi
Lahu




NJ tree based on SNP haplotypes

Mozabite  Bedouin
Palestinian — Druze ...
-7 Adygei
Balochi — Basque
F{ussian“‘.""
Kalash -
M
B H Pima aya
urusho——- .
Mandenka\ _ Colombian
~ Yygur Yakut
Yoruba~ Mongola
Bantu (southern Africa)
Bantu (Kenya) | “Papuan Daur |
. || Melanesian Cambodian
Biaka Pygmy | san Vi
Mbuti Pygmy Lahu




NJ tree based on CNVs

Druze; )

Palestinian

Balochi
BaSque

Mandenka Burusho

Yoruba —
Bantu (Kenya) |

Bantu (southern Africa) .
Biaka Pygmy /
Mbuti Pygmy

San

4%y gy

CNE.

o - @é/é?

FL T

Bedouin @ 5% i |
Mozabite | < % 3
AN Yakut

Papuén

Mongola

Daur

Yi

Cambodian
Lahu




