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A Brief Tutorial on Phylogenetics
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Genetic Distance Inferring Phylogeny by Clustering: UPGMA
e Naive distance measure: Hamming distance dy = Definition
Proportion of sites at which the two sequences differ. Distance d,p between clusters A, B from individual distances d,; :
e Poor measure of the actual number of evolutionary changes,
. ovol das = 1415 2 2
as a site can undergo repeated substitutions . ~ JAlB| || | = &
do(t — 00) = 3/4. Algorithm
Single substitution Multiple substitution Initialisation
1 change, 1 difference 2 changes, 1 difference o Assign each sequence 1 to its own cluster C;. Define one leaf for
A @ each sequence, and place at height zero.
(AK }@ \ / Iteration
A c o Determine the two clusters i, j for which d;; is minimal.
\ o Define a new cluster Cj, = C; U C}
A e Define a new node k with daughter nodes i and j, and place it
Sequence difference at height di]’/Q'
. Expected difference e Add £ to the current clusters and remove 7 and j.
Termination
Observed difference e When only two clusters i, j remain, place the root at height
dij /2.

Time d= —% In ( — %do)
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Inferring Phylogeny by Clustering: UPGMA
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Inferring Phylogeny by Clustering: UPGMA
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Inferring Phylogeny by Clustering: Neighbour Joining

Tree metric

Non-negativity:  dg, > 0

Symmetry:  dy, = dp

Distinctness:  dg, = 0 if and only if a = b.

Triangle Inequality:  dye < dgp +dpe — dye = dyp + die

diﬂ = dik + dkn
djﬂ = djk + dkﬂ
= Qdkﬂ = din + d]n - dik - dkj

1
= dkﬂ = §<dm + djﬂ - dij)

Iteration
e Find pair of node (4, j) that minimise D;;.

e Replace (i, j) by new node k with new distances:

d/m = %(din + djn - dt])
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Definition of corrected ‘distance”: D;; = d;; — d; — d_j

Average distance to all other leaves: d; = \u%z Y er dik

1 2

o2t 01
0.4 0.4
3 4

1 -
= 5(0.3 +0.6+0.5) =0.7=d,

1 B
= §(0.5 +0.640.9) = 1.0 = dy

=dyp—d —dy=03-07-07=-1.1
=dz—d —d3=05-10-07=-12< Dy
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Application of Neighbour Joining

Human Chimp Gorilla Orang-utan Gibbon

Human
Chimp
Gorilla
Orang-utan
Gibbon

- 0.0919 0.1083 0.1790 0.2057
0.0919 - 0.1134 0.1940 0.2168
0.1068 0.1151 - 0.1882 0.2170
0.1816 0.1898 0.1893 - 0.2172

0.2078 0.2160 0.2155 0.2172 -

Human Chimpanzee

0.05008
0.04182
0.00769
0.03654
0.05728 0.12170

Gibbon

Gorilla 0.09550

Orang-utan

Single substitution Coincidental substitution  Parallel substitution

1 change, 1 difference 2 changes, 1 difference 2 changes, no difference

P AP RS

Multiple substitution Back substitution
2 changes, 1 difference 2 changes, no difference

NN
\A \A
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e Loss of Information

| Sequences Distances

1|TTATTAACG

2|AATTTAACG ——= 2|3

3|AAAAATACG 3|54

4|[AAAAAATCG 4|542
123

e Uninterpretable branch lengths

= d < d?fs biologically impossible
— Occasionally even dZee <0

e The method does not optimize an objective function

Clustering methods merely produce a tree, but do not
allow us

— to evaluate the quality of the tree

— to evaluate competing hypotheses
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Probabilistic Models of Evolution

P(y(t) = Aly(0) = A) P(y(t) = Aly(0) = G) .
P — | D0 =Cly0) = 4) Ply(t) = Gly(0) = G) -
P(y(t) = Cly(0) = A) P(y(t) = Cly(0) = G) .
P(y(t) =T|y(0) = A) P(y(t) =T|y(0) = G) .

e Process is Markov :
P(yeeatlye, Ye-at, - - -) = Pyreadye)
e The Markov process is homogenous :
P(yrailyr) = P(yailyo)

e The Markov process is the same for all positions

e Substitutions at different positions are independent of
each other:

Plyi(®), -, yn(®)|y1(0), . .., yn(0)] = H Plyi()]yi(0)]
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Human ... TG T A T CGCTZC
Rabbit TGT G TCGCTC
Human ... T G T ATCG C TC
Chicken ... A G C ATCG T TC
P(AJAL)
A PGIAY [ g
P(CIAY) P(TIAD)
C T
P(y(t) = Aly(0) = A) P(y(t) = Aly(0) =G) .
P(t) = P(y(t) = Gly(0) = A) P(y(t) = Gly(0) =G) .
P(y(t) = Cly(0) = A) P(y(t) = Cly(0) = G) .
P(y(t) =T|y(0) = A) P(y(t) =T[y(0) =G) .
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Transition Rates

28—« 6 « e
R B 28—« a B
N a Jé] 28—« 3

slide-16



1Tansition rropavlitics

) 7(t) glt) 70t
py _ o _ | £ dt) 7(0) it
o) 7lt) dlt) 7o)
7(t) glt) £(t) alt)
f@)—%ﬂ e )

g(t) = Z(l 418 geath)y
d(t) = 1-2f(t) - g()

Molecular time:  w := 45t

flw) = 20— ™)
g(w) _ i(l +674w - 2672(T+1>w)

d(w) = 1—=2f(w) - g(w)

Transition-transversion ratio: T =

e
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Tree Likelihood: Factorisation and Marginalisation

o

Z_

P(y1]z1)P(ya|21) P(ys| 22)
P(y17y27y37y4720,21,22) = P(y4|Z2)P(Z1|Zo)P(Zz|Zo)
P(2)

-

4
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4

=N

-

H
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> > > >
P

1 4
1 4

o o< o<
2 3 2 [of G 3 2 C T 3
1 4
2>G—c<3 > > <
1 4

P(y17y2,y373/4) = Z P(y17y27y37y47'207z17z2)

20,21,%2
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Transition—Transversion Ratio = 2

0.75 \
P(AJA,W)

05 \
P(GIAW) \\
0.25|
P(CIAW)=P(T|A W)
% 1 2 3 4

P(y1, Y, Y3, Ya, 21, 20| W) =
P(yl\zl, ’U?Q)P(y2|21, 11)1)P<22|21, ’ll)g)P(y3|Zg, 11)4)P<y4|22, ’ll/'r,)

Py, g, ys, palw) = D> Plyr, 92,93, ya 21, 2| w)

z21 2

Probabilistic Approach to Phylogeny
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Frog GT C GCGGGTCAAACTTTCCGTCTCGCG
Chicken  AG C ATCGTTCTATTTTACCGGCTCCCG
Human TG T ATCGCTCAAGATTGCCATCGCGCG
Rabbit TG T GTCGCTCAAGATTGCCATCGCGCG
Mouse ~ TG T CGTGGTCTAGATTGCCATCGCGCG
Opossum TG T ATCGCTCTAGTTTGCCAGCTCCCG

D= (Yh)’%---»)’N)

N
P(D|w,S) =[] Pylw, S)

t=1

Optimise topology S and branch lengths w with maximum likelihood

Mouse

Rabbit

Human Opossum

Chicken

Frog

slide-20



wiaximuirmn Lirchinooud

Maximise the likelihood of L(S, w,R) = In P(D|S, w,R)

e Tree topology S

State 1 State 2 State 3

e Branch lengths w = (w1, w2, w3, w4, wH)

e Evolutionary parameters: Rate matrix R

-2B-a
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Bootstrapping

Chimpanzee Chimpanzee

Human Gorilla

Gibbon Gibbon

Human
Gorilla

Orang-utan Orang-utan

LA = 111P<D‘SA7\7VA)

— _ ?
Ly =W P(D|Sp g — AL=la—ls#0

Resample with replacement from D
Dy = {x1, %2, X2, X4}
Dy = {x2,X2,X1,X
D = {x1, %3, X3, X4} — , ° b2 31,31}
Dp = {x3,%4, X4, %1}
Bootstrap distribution {ALy}2 |

= AL

boot
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Nested models

SR

|
5 3

4 1 2

H : ultrametric tree (molecular clock)

(K — 1 constraints, K = number of leave nodes).

Likelihood ratio test: 2(Ly — Lg) ~ X%}(fz)

Non-nested models

Human Chimpanzee Gorilla Chimpanzee
Gibbon Gibbon
Gorilla Fuman
Orang-utan Orang-utan
slide-22
Monophyletic Groups
Chimpanzee
Human P
97.4 Gibbon
100
Gorilla
Orang-utan
Clade | Probability
( Human Chimp) 0.974
(Human Chimp Gorilla) 1.0
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