$ wget http://ssolo.web.elte.hu/lab_slides.pdf

$ cd ~/workshop_materials
$ wget http://ssolo.web.elte.hu/lab data.tgz

$ tar xzf lab data.tgz
$ cd lab_data



http://ssolo.web.elte.hu/lab_data.tgz

The stories of gene families can be complicated

The story of each gene family consist of a unique series of evolutionary events that often
results in a change of copy number and shifts in function.

20 + 2 6 chains.

Human hemolglobin is composed of

molecular machine

Cow Horse
+23 (97%)
" 26 (3%)

adult and fetus

fetus
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$ cd ~/workshop_materials/lab_data/Hemoglobin

Hemoglobin gene tree

Hemoglobin.tree

(Human_beta:1,Human_delta:1):1,



Hemoglobin/
$ cd ~/workshop_materials/lab_data/Hemoglobin

Hemoglobin.tree

(Human_beta:1,Human_delta:1):1,

Human gamma:2):1,



Hemoglobin/
$ cd ~/workshop_materials/lab_data/Hemoglobin

Hemoglobin gene tree u

view the tree using either
phylo.io, seaview or FigTree!

Hemoglobin.tree

(((Human_beta:1,Human_delta:1):1,
Human_gamma:2):1,
Horse beta-delta:3,
(Cow_beta-delta:2,Cow_gamma:2):1);

Cow_gamma Cow_beta-delta
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$ cd ~/workshop_materials/lab_data/Hemoglobin

Hemoglobin gene tree u

gene tree root

Hemoglobin.tree

((Human_beta:1,Human_delta:1):1,

Human_gamma:2):1,

‘Horse be’ca—del’ca:Si

Cow_beta-delta:2,Cow_gamma:2):1):1);

Horse beta-delta

Cow_gamma Cow_beta-delta
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Species tree
HuHoCo.tree

(Human:2,(Horse:1,Cow:1):1);

species tree root

species
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DL along S

Given G and S we want to calculate:
1. D rate (delta) and L rate (lambda)
2. P(G | S,delta,lambda) DL

P( /&l & ,rates) species tree

species
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ALEobserve Hemoglobin.tree

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10
less HuHoCo.tree_ Hemoglobin.tree.ale.ml_rec

#ALEml using ALE v@.5 by Szollosi GJ et al.; ssolo@elte.hu; CC BY-SA 3.0;

S: (Human:1,(Horse:0.5,Cow:0.5)1:0.5)2; > SpeC|eS tree

Input ale from: Hemoglobin.tree.ale

>logl: -4.45543 < ML Iog—likelihood (tau=0) DL

rate of Duplications Transfers Losses
< ML rates (tau=0) species tree

ML 0.76128 @ le-10

10 reconciled G-s:

(CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@@10@|Human:1)D@A|0.05 |Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@010.31Cow:1).1:2).2

(CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@110.5|Human:1)D@11@.551Human: 2, (Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@10.21Cow:1).1:2).

((CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@210.1|Human:1)D@210@.4|Human:2,(Horse_beta-delta:3, (Cow_gamma:2,Cow_beta-delta:2)D@0210.41Cow:1).1:2).2:0;
((CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@210.15|Human:1)D@Q1@.25|Human:2, (Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@Q10.21Cow:1).1:2).2:0;
((CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@210@.25|Human:1)D@11@.75Human: 2, (Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@Q10.41Cow:1).1:2).2:0;
(CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@210.11Human:1)D@@1@.25|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@Q10.21Cow:1).1:2).2:0;
((CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@210.05|Human:1)D@Q1@.31Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@10.051Cow:1).1:2).2:0;
((CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@210@.2|Human:1)D@11@.551Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@Q10.21Cow:1).1:2).2:0;

:0;
2:0;

((CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@210@.35|Human:1)D@11@.51Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@10.051Cow:1).1:2).2:0;

((CHuman_gamma: 2, (Human_beta:1,Human_delta:1)D@210.151Human:1)D@Q1@.31Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@10.151Cow:1).1:2).2:0;

# of Duplications Transfers Losses Speciations : :
Total 3 0 0 2 A : gene trees:
# of Duplications Transfers Losses copies S
S_terminal_branch Cow 1 (] (] 2 .

S_terminal branch  Horse 0 0 0 1 10 random reconciled gene trees

S_terminal_branch Human 2 (] (] 3 . . . . .

S_internal_branch 1o o 0 1 sampled according to joint likelihood

S_internal_branch 2 (] (] (] 1

HuHoCo.tree_Hemoglobin.tree.ale.ml_rec (END)

mean nhumber of events
per branch in sampled
reconciliations

D P(===| A\) P

sum over reconciled
gene trees
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ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

S: (Human:1,(Horse:0.5,Cow:0.5)1:0.5)2;

0.1

......
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((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

0.5
Cow_beta-delta

D@010.3ICow

Cow_gamma

Horse_beta-delta

2:0

Human_delta

D@0I0/Humap

Human_beta

D@010.05[Human

Human_gamma
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((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

(..).2:0;

0.5
Cow_beta-delta

D@010.3ICow

Cow_gamma

Horse_beta-delta

2:0

Human_delta

D@0I0/Humap

Human_beta

D@010.05[Human

Human_gamma
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((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

(..).2:0;

0.5
Cow_beta-delta

D@010.3ICow

Cow_gamma

Horse_beta-delta

2:0

Human_delta

D@0I0/Humap

Human_beta

D@010.05[Human

Human_gamma
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((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

0.5
Cow_beta-delta

D@010.3ICow

Cow_gamma

Horse_beta-delta

2:0

Human_delta

D@0I0/Humap

Human_beta

D@010.05[Human

Human_gamma
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((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

0.5
Cow_beta-delta

D@010.3ICow

Cow_gamma

Horse_beta-delta

2:0

Human_delta

D@0I0/Humap

Human_beta

Human_gamma




Hemoglobin/

((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

0.5
Cow_beta-delta

D@010.3I1Cow

Cow_gamma

Horse_beta-delta

Human_delta

D@0I0/Humap

Human_beta

Human_gamma
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((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@|@.01|Human:1)D@Q|@.05 |Human: 2} | ,

(..).2:0;

0.5
Cow_beta-delta

D@010.3I1Cow

Cow_gamma

Horse_beta-delta

Human_delta

D@0I0/Humap

Human_beta

Human_gamma
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((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@|@.01|Human:1)D@Q|@.05 |Human: 2} | ,

(..).2:0;

0.5
Cow_beta-delta

Cow_gamma

2:0

Human_delta

Human_beta

D@010.05[Human

—
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((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@ |0 .01 |Human:1)D@Q|@.05|Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@@|0.31Cow:1).1:2).2:0;

ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@@|@.01|Human:1)D@Q|@.05 |Human: 2} | ,

(..).2:0;

0.5
Cow_beta-delta

D@010.3ICow

Cow_gamma

Horse_beta-delta

2:0

Human_delta

D@0I0/Humap

Human_beta

D@010.05[Human

Human_gamma
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ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10

((Human_gamma: 2, (Human_beta:1,Human_delta:1)D@210.011Human:1)D@Q1@.05 |Human:2,(Horse_beta-delta:3,(Cow_gamma:2,Cow_beta-delta:2)D@Q10.31Cow:1).1:2).2:0;

# of Duplications  Transfers Losses Speciations
Total 3 0 0 2

o | <«— Mmean number of events
# of Duplications Transfers Losses copies .
S_terminal_branch Cow 1 0 0 2 per branCh N Sampled
S_terminal_branch Horse O 0 0 1 . .
S_terminal_branch Human 2 0 0 3 reconC|||at|OnS
S_internal_branch 1 0 0 0 1
S_internal_branch 2 0 0 0 1

0.5
Cow_beta-delta

Cow_gamma

1
- ( (*)Deo10.05
/

Q eeeveeeens

2:0

Human_delta

view the tree using either
phylo.io, seaview or FigTree!
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The stories gene families can be complicated

The story of each gene family consist of a unique series of evolutionary events that often
results in a change of copy number and shifts in function.

gene tree draw into the species tree

single gene in DL
Hu+Ho+C ancestor species tree

single gene in

gene duplication Ho+C ancestor

gene duplication

i gene trees|

genes

speices
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Hemoglobin gene tree

Human_delta

Human_beta

Hemoglobin.tree

Horse beta-delta :

(((Human_beta,Human_delta):1,
Human_gamma),
(Horse_beta-delta,
(Cow_beta-delta,Cow_gamma)));

Zukerkandl & Pauling 1965
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Human_gamma

Human_delta

Human_beta

Horse_beta-delta

- gere duplication
£ = delstion of one
I =

rasidus

recorded worlation of
number of differenses
batween  chaing

Cow_gamma Cow_beta-delta

Conta
Y1 pes ey v
man  man man horse caltie caltly

Zukerkandl & Pauling 1965
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The first ever gene tree

Zukerkandl-Pauling.tree

(((Human_beta,Human_delta),
Horse_beta-delta),
(Human_gamma,
(Cow_beta-delta,Cow_gamma)));

Cow_gamma Cow_beta-delta

Zukerkandl & Pauling 1965
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ALEobserve Zukerkandl-Pauling.tree

ALEmI| HuHoCo.tree ZukerkandI-Pauling.tree.ale tau=0 sample=10

DL

species tree
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ALEmI HuHoCo.tree Zukerkandl-Pauling.tree.ale tau=0 sample=10

#ALEml using ALE v@.5 by Szollosi GJ et al.; ssolo@elte.hu; CC BY-SA 3.0;

S: (Human:1,(Horse:0.5,Cow:0.5)1:0.5)2; < SpGCleS tree

Input ale from: HuHoCo.tree_Zukerkandl-Pauling.tree.ale

>logl: -10.0385 < ML Iog—likelihood (tau=0) DL

rate of Duplications Transfers Losses
< ML rates (tau=0) species tree

ML 0.721451 0 0.699903

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.21Cow:2).2:1,(Horse_beta-delta.1:2,(Human_beta:1,Human_delta:1)D@11@.55Human:1).2:1)D@211.0512:0;
(Horse_beta-delta.2.1:2,((Human_beta:1,Human_delta:1).2D@110.55|Human:1, (Human_gamma:5,(Cow_beta-delta:1,Cow_gamma:1).1D@210.11Cow:2).2:1)D@21112:2)D@211.3512:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.451Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05|Human:1).2:1)D@211.212:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.41Cow:2).2:1,(Horse_beta-delta.1:2,(Human_beta:1,Human_delta:1)D@@1@.15|Human:1).2:1)D@211.4512:0;
((CHuman_gamma:5,(Cow_beta-delta:1,Cow_gamma:1).1D@210.31Cow:2).2:1,(Horse_beta-delta.1:2,(Human_beta:1,Human_delta:1)D@Q|0@|Human:1).2:1)D@21112:0;
(Horse_beta-delta.2.1:2,((Human_beta:1,Human_delta:1).2D@@10.4 |Human:1,(Human_gamma:5,(Cow_beta-delta:1,Cow_gamma:1).1D@Q10.051Cow:2).2:1)D@21112:2)D@211.312:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.11Cow:2).2:1,(Horse_beta-delta.1:2,(Human_beta:1,Human_delta:1)D@@[0@.1[Human:1).2:1)D@211.3512:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05|Human:1).2:1)D@211.112:0;
((CHuman_gamma:5,(Cow_beta-delta.1l:1,Cow_gamma.1:1)D@110.511:2).2:1,(Horse_beta-delta.1:2,(Human_beta:1,Human_delta:1)D@Q10@.2[Human:1).2:1)D@211.0512:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@110@.55|Human:1).2:1)D@211.0512:0;

10 reconciled G-s:

# of Duplications  Transfers Losses Speciations : :
Total 3.2 0 2.5 4.3 A : gene trees:
# of Duplications  Transfers Losses copies CAMMAAMIALI A Ai LS '
S_terminal_branch Cow 0.9 0 1 2 ]

S_terminal_branch ~ Horse @ @ 111 10 random reconciled gene trees

S_terminal_branch Human 1 0 0.2 3

S-internalbranch 1 01 0 0.2 21 sampled according to joint likelihood

S_internal_branch 2 1.2 0 0 2.2

HuHoCo.tree_Zukerkandl-Pauling.tree.ale.ml_rec (END)

mean nhumber of events
per branch in sampled
reconciliations

D P(===| A\) P

sum over reconciled
gene trees
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ALEmI HuHoCo.tree Zukerkandl-Pauling.tree.ale tau=0 sample=10 ALEmI HuHoCo.tree Hemoglobin.tree.ale tau=0 sample=10
#ALEml using ALE v@.5 by Szollosi GJ et al.; ssolo@elte.hu; CC BY-SA 3.0; #ALEmL using ALE v@.5 by Szollosi GJ et al.; ssolo@elte.hu; CC BY-SA 3.0;
S: (Human:1,(Horse:0.5,Cow:0.5)1:0.5)2; S: (Human:1,(Horse:0.5,Cow:0.5)1:0.5)2; DL
Input ale from: Zukerkandl-Pauling.tree.ale Input ale from: Hemoglobin.tree.ale Species tree
>logl: -10.0385 >logl: -4.45543
rate of Duplications Transfers Losses rate of Duplications Transfers Losses
ML 0.721451 0 0.699903 ML 0.76128 0 le-10
# of Duplications  Transfers Losses Speciations # of Duplications Transfers Losses Speciations
Total 3.4 0 2.9 4.5 Total 3 0 0 2
# of Duplications  Transfers Losses copies # of Duplications Transfers Losses copies
S_terminal_branch Cow 0.9 0 1 2 S_terminal_branch Cow 1 0 7] 2
S_terminal_branch Horse @ 0 1.1 1 S_terminal_branch Horse @ 7] 7] 1
S_terminal_branch Human 1 0 0.4 3 S_terminal_branch Human 2 7] 7] 3
S_internal_branch 1 0.1 0 0.4 2.1 S_internal_branch 1 0 0 0 1 g g
S_internal_branch 2 1.4 0 0 2.4 S_internal_branch 2 0 0 0 1 : gene tI'CGSE
HuHoCo.tree_Zukerkandl-Pauling.tree.ale.ml_rec (END) HuHoCo.tree_Hemoglobin.tree.ale.ml_rec (END) : :
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ALEmMI HuHoCo.tree Zukerkandl-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

#ALEmL using ALE v@.5 by Szollosi GJ et al.; ssolo@elte.hu; CC BY-SA 3.0;

gene trees

ALEmI HuHoCo.tree Hemogilobin.tree.ale tau=0 sample=10

S: H :1,(H :0.5,Cow:0.5)1:0.5)2; .

(Human: 1, (Horse ow:0.5)1:0.5) ALEmI HuHoCo.tree Zukerkandl-Pauling.tree.ale tau=0 sample=10
Input ale from: Zukerkandl-Pauling.tree.ale Input ale from: Zukerkandl-Pauling.tree.ale DL
>logl: -25.1341 >logl: -10.0385
rate of Duplications Transfers Losses rate of Duplications Transfers Losses .
ML 0.01 0 0.01 ML 0.721451 0 0.699903 SpCClGS tl'ee
# of Duplications  Transfers Losses Speciations # of Duplications Transfers Losses Speciations
Total 3 0 2 4 Total 3.4 0 2.9 4.5
# of Duplications  Transfers Losses copies # of Duplications Transfers Losses copies
S_term?nal_brqnch Cow 1 0 1 2 S_terminal_branch Cow 0.9 ) 1 2 gasssessacchassacasay
S_terminal_branch Horse 0 0 1 1 S_terminal_branch Horse @ 0 1.1 1 : :
S_terminal_branch Human 1 0 0 3 S_terminal_branch Human 1 0 0.4 3 : :
S_internal_branch 1 0 0 0 2 S_internal_branch 1 0.1 0 0.4 2.1 : :
S_internal_branch 2 1 0 0 2 S_internal_branch 2 1.4 0 0 2.4 : :
HuHoCo.tree_Zukerkandl-Pauling.tree.ale.ml_rec (END) HuHoCo. tree_Zukerkandl-Pauling.tree.ale.ml_rec (END) i H

#ALEml using ALE v@.5 by Szollosi GJ et al.; ssolo@elte.hu; CC BY-SA 3.0;

S: (Human:1,(Horse:0.5,Cow:0.5)1:0.5)2;

Input ale from: Hemoglobin.tree.ale
>logl: -4.45543

rate of Duplications Transfers Losses

ML 0.760128 0 le-10

# of Duplications  Transfers Losses Speciations
Total 3 0 0 2

# of Duplications  Transfers Losses copies
S_terminal_branch Cow 1 ] (] 2
S_terminal_branch Horse @ ] (] 1
S_terminal_branch Human 2 ] (] 3
S_internal_branch 1 ] ] (] 1
S_internal_branch 2 ] ] (] 1

HuHoCo.tree_Hemoglobin.tree.ale.ml_rec (END)
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ALEmMI HuHoCo.tree Zukerkandl-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

#ALEmL using ALE v@.5 by Szollosi GJ et al.; ssolo@elte.hu; CC BY-SA 3.0;

S: (Human:1,(Horse:0.5,Cow:0.5)1:0.5)2;

< species tree
Input ale from: Zukerkandl-Pauling.tree.ale . .
>logl: -25.1341 < log-likelihood

rate of Duplications Transfers Losses

ML 0.01 0 0.01 < fixed rates DL
10 reconciled G-s: SpCCiCS tree

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@1@[Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@11@.51Human:1).2:1)D@211.4512:0;

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.151Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@@10.05IHuman:1).2:1)D@211.312:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.451Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@@10.451Human:1).2:1)D@211.3512:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.05|1Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@110.551Human:1).2:1)D@211.6512:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10.451Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@110.951Human:1).2:1)D@211.5512:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@10@.251Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@@10.11Human:1).2:1)D@211.0512:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@1@[Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@Q1@.25|Human:1).2:1)D@211.612:0;

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@1@.351Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@@10.05IHuman:1).2:1)D@211.3512:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@@1@.151Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@110.551Human:1).2:1)D@211.112:0;
((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@Q10.151Cow:2).2:1,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@@10.25IHuman:1).2:1)D@211.712:0;

# of Duplications  Transfers Losses Speciations

Total 3 0 2 4

# of Duplications  Transfers Losses copies A gene treesé
S_terminal_branch Cow 1 1) 1 2 R ;
S_terminal_branch Horse 0@ 0 1 1

S_terminal_branch Human 1 0 0 3 .

S_internal_branch 1 2 o o 2 10 random reconciled gene trees

S_internal_branch 2 1 0 0 2 . « . - -
HuHoCo.tree_Zukerkandl-Pauling.tree.ale.ml_rec (END) Sampled accordlng to jOlnt IlkellhOOd

mean nhumber of events
per branch in sampled
reconciliations

D P(===| A\) P

sum over reconciled
gene trees



Hemoglobin/

ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 0 1 2
S_terminal_branch Horse O (/] 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCICS tree
| S_internal_branch 1 (/] (/] 0 2
Human_delta A S_internal_branch 2 1 (/] 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@010.05IHuman
Z ...............................................................................................................
Human_beta
2
Horse_beta-delta.1l : :
: gene trees:
1 llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll :IIIIIIIIIIIIIIIIIIII.
Horse_beta-delta.1
D@2I1.312:0
Cow_gamma
.1D@010.15|Cow
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!



Hemoglobin/

ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 7] 1 2
S_terminal_branch Horse O 0 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCIGS tree
| S_internal_branch 1 0 7] 7] 2
Human_delta A S_internal_branch 2 1 0 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@0I0.05/uman
Human_beta
2
Horse_beta-delta.1l
Horse_beta-delta.1
D@211.312:0
Cow_gamma
.1D@010.15ICow
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!



Hemoglobin/

ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 7] 1 2
S_terminal_branch Horse O 0 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCICS tree
| S_internal_branch 1 0 7] 7] 2
Human_delta A S_internal_branch 2 1 0 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@0I0.051Hluman
Z ....................................................................
Human_beta
2
Horse_beta-delta.1l : :
: gene trees:
1 .................................................. . TR RO
Horse_beta-delta.l
D@2I1.312:0
Cow_gamma
.1D@0I0.15ICow
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!



Hemoglobin/

ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 7] 1 2
S_terminal_branch Horse O 0 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCICS tree
| S_internal_branch 1 0 7] 7] 2
Human_delta A S_internal_branch 2 1 0 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@0I0.051Hluman
Z ....................................................................
Human_beta
2
Horse_beta-delta.1l : :
: gene trees:
1 .................................................. . TR RO
Horse_beta-delta.l
D@2I1.312:0
Cow_gamma
.1D@0I0.15ICow
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!
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ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 7] 1 2
S_terminal_branch Horse O 0 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCICS tree
| S_internal_branch 1 0 7] 7] 2
Human_delta A S_internal_branch 2 1 0 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@0I0.051Hluman
Z ....................................................................
Human_beta
2
Horse_beta-delta.1l : :
: gene trees:
1 .................................................. . TR RO
Horse_beta-delta.l
D@2I1.312:0
Cow_gamma
.1D@0I0.15ICow
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!



Hemoglobin/

ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 7] 1 2
S_terminal_branch Horse O 0 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCICS tree
| S_internal_branch 1 0 7] 7] 2
Human_delta A S_internal_branch 2 1 0 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@010.05IHuman
Z ....................................................................
Human_beta
2
Horse_beta-delta.1l : :
: gene trees:
1 .................................................. T TR L
Horse_beta-delta.1
.1D@@10.151Cow
D@2I1.312:0
Cow_gamma
.1D@010.15ICow
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!



Hemoglobin/

ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 7] 1 2
S_terminal_branch Horse O 0 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCICS tree
| S_internal_branch 1 0 7] 7] 2
Human_delta A S_internal_branch 2 1 0 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@010.05IHuman
Z ....................................................................
Human_beta
2
Horse_beta-delta.1l : :
: gene trees:
1 .................................................. T TR L
Horse_beta-delta.1
.1D@@10.151Cow
D@2I1.312:0
Cow_gamma
.1D@010.15ICow
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!
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ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 7] 1 2
S_terminal_branch Horse O 0 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCICS tree
| S_internal_branch 1 0 7] 7] 2
Human_delta A S_internal_branch 2 1 0 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@0I0.05/Human
Z ....................................................................
Human_beta
2
Horse_beta-delta.1l : :
: gene trees:
1 ................................. T |
Horse_beta-delta.1
.1D@@10.151Cow
D@2I1.312:0
Cow—gama lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
Horse_beta-delta.l
1D@0I0.15ICow ' B | N ‘jv
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!
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ALEmMI HuHoCo.tree Zukerkand|-Pauling.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

((Human_gamma:5, (Cow_beta-delta:1,Cow_gamma:1).1D@210.151Cow:2).2:1,(Horse_beta-delta.1l:2,(Human_beta:1,Human_delta:1)D@210.05IHuman:1).2:1)D@211.312:0;

# of Duplications Transfers Losses Speciations
Total 3 0 2 4
# of Duplications  Transfers Losses copies DL
S_terminal_branch Cow 1 7] 1 2
S_terminal_branch Horse O 0 1 1 .
S_terminal_branch Human 1 0 0 3 SpeCICS tree
| S_internal_branch 1 0 7] 7] 2
Human_delta A S_internal_branch 2 1 0 0 2

Zukerkandl-Pauling.tree.ale.ml_rec (END)

D@010.05IHuman
Z ....................................................................
Human_beta
2
Horse_beta-delta.1l : :
: gene trees:
Horse_beta-delta.1
.1D@@10.151Cow
D@2I1.312:0
Cow_gamma
.1D@010.15|Cow
Cow_beta-delta
2

Human_gamma

view the tree using either
phylo.io, seaview or FigTree!
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The story of individual gene families is often blurred

Errors in gene trees will result in conflicts with the species tree that imply spurious evolutionary events.

ancestral gene duplications

gene tree draw into the species tree

3 genes in
Hu+Ho+C ancestor

= gene duplication
O = delstion of one
residue
] = recorded variation of
N number of differences
between choins

2 genes in

gene duplication Ho+C ancestor

gene duplication

Contemporary
¥ § B p-8 . (p-3) " chains
man man  man horse caltle catile " ®
T
Zukerkandl & Pauling 1965 {6 5} genes

I R Y e - .
N & b Jhd £
g bt | ‘W
A s S R {
b R O e v
" /l /1 ”

species




Hemoglobin/

D = gene duplication
O = deletion of one

number of differences
between chains

¥ & p p-5 (B3 Y’ ?;TW

man  maen  man horse cattie catile

e

DL

species tree

: gene trees:
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ALEobserve Zukerkandl-Pauling_OUT.tree
ALEmMI HuHoCo_OUT.tree Zukerkandl-Pauling_OUT.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

D = gene duplication
O = deletion of one

number of differences
between chains

¥ & p p-5 (B3 Y’ ?;TW

man  maen  man horse cattie catile

T— S—

S: ((Human:0.571429, (Horse:0.285714,Cow:0.285714)1:0.285714)2:0.428571,0UT:1)3;

Input ale from: Zukerkandl-Pauling_OUT.tree.ale
>logl: -44.1068

rate of Duplications Transfers Losses
ML 0.01 0 0.01

10 reconciled G-s:

# of Duplications  Transfers Losses

Total 4 ] 4 9)

# of Duplications  Transfers Losses
S_terminal_branch Cow 1 (]
S_terminal_branch Horse @ ]
S_terminal_branch Human 1 (]
S_terminal_branch ouTt ] ]
S_internal_branch 1 ] ]
S_internal_branch 2 2 (]
S_internal_branch 3 ] ]

HuHoCo_OUT.tree_Zukerkandl-Pauling_OUT.tree.ale.ml_rec (END)

Speciations

copies

[SISITS S I

WNPFPEPWEN

1

DL

species tree

i gene trees|
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ALEmMI HuHoCo_OUT.tree Zukerkandl-Pauling_OUT.tree.ale delta=0.01 lambda=0.01 tau=0 sample=10

(OUT:6, (Human_gamma.2:4,((Cow_beta-delta:1,Cow_gamma:1).2.1D@@|Cow:2,(Horse_beta-delta.l:2,(Human_beta:1,Human_delta:1)D@1|Human:1).2:1)D@212:1)D@212:6).3:0;

D@1

Al DL

species tree

Human_delta

Human

D@2l

——Human_beta

Horse_beta-delta.1

Cow_gamma

D@2I2 2.1D@0[q

ow

.3:0

Cow_beta-delta

out

view the tree using either
phylo.io, seaview or FigTree

Human_gamma.2




Horizontal gene transfer as information

Transfer events, encoded in the topologies of gene trees can be thought of as “molecular fossils”
that record the order of speciation events.

1
H OOSPOPEPE transfer

2 3
transfers transfers

different
time order

L
T
?

2 OY N O &

different
root

species tree

gene tree reconciliation
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DTL

species tree
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$ cd ~/workshop_materials/lab_data/abcd

gene tree
g.tree
abcd_S.tree DTL
c 2 d_2 species tree
l
\\T// a b c d

b_1

cdab_S.tree égmmﬁwﬂ

//\\‘ abc-d_S.tree

d_1 c_1

a bc d



abcd/

ALEobserve g.tree
ALEmI abcd_S.tree g.tree.ale sample=10
ALEmI cdab_S.tree g.tree.ale sample=10

ALEmI abc-d_S.tree g.tree.ale sample=10

DTL

species tree




abcd/

abcd_S.tree
ML log-likelihood —

cdab_S.tree
ML log-likelihood —

abc-d_S.tree
ML log-likelihood —

>logl: -5.93738
rate of Duplications

ML 4.17809%e-07
# of Duplications
Total © 1.6
# of Duplications

S_terminal_branch
S_terminal_branch
S_terminal_branch
S_terminal_branch
S_internal_branch
S_internal_branch
S_internal_branch

Transfers
0.372863
Transfers
(7] 3.8
Transfers
a 0
b (7]
C 0
d (7]
1 (7]
2 (7]
3 0

abcd_S.tree_g.tree.ale.ml_rec (END)

>logl: -9.86434
rate of Duplications

ML le-10 1.05185
# of Duplications
Total @ 3

# of Duplications

S_terminal_branch
S_terminal_branch
S_terminal_branch
S_terminal_branch
S_internal_branch
S_internal_branch
S_internal_branch

Transfers
le-10
Transfers
(7] 2.3
Transfers
a 0
b (7]
C 0
d (7]
1 (7]
2 (/]
3 (7]

cdab_S.tree_g.tree.ale.ml_rec (END)

>logl: -9.83179
rate of Duplications

ML 3.74258e-06
# of Duplications
Total @ 2.6
# of Duplications

S_terminal_branch
S_terminal_branch
S_terminal_branch
S_terminal_branch
S_internal_branch
S_internal_branch
S_internal_branch

Transfers
1.06978 1le-10

Transfers
(/] 2.6

Transfers

NP, QN T Qo
(SRS SRR

3

S

abc-d_S.tree_g.tree.ale.ml_rec (END)

Losses
le-10

Losses

Losses

(SIS I SRS
=

Losses

Losses

Losses

Losses

Losses

[SESESI N S S S
IS

Speciations

copies

[SESISESECS RS IS)
S P NNNPRER

Speciations

copies

(SIS SIS IS RS
(o]

OSSOSO NNPREPRF

Speciations

copies

SIS SIS SIS S
SR RPNNRER

d

b, ¢,c

d,,d,

DTL

species tree

ILTTTEERYY TEETERTTTS

gene trees



abcd/
ALEobserve g.tree

ALEmI abcd_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.01
ALEmI cdab_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.01

ALEmI abc-d_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.01
DTL

species tree




abcd/

log-likelihood —»

events

-

log-likelihood =

events

—»>

log-likelihood =

events

—»>

ALEmI abcd_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.01

>logl: -8.61538

# of Duplications

Total @ 1
# of Duplications

S_terminal_branch
S_terminal_branch
S_terminal_branch
S_terminal_branch
S_internal_branch
S_internal_branch
S_internal_branch

abcd_S.tree_g.tree.ale.ml_rec (END)

ALEmI cdab_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.01

>logl: -16.7168

# of Duplications

Total @ 1.9
# of Duplications

S_terminal_branch
S_terminal_branch
S_terminal_branch
S_terminal_branch
S_internal_branch
S_internal_branch
S_internal_branch

cdab_S.tree_g.tree.ale.ml_rec (END)

ALEmI abc-d_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.01

>logl: -16.8563

rate of Duplications

ML 3.74258e-06

# of Duplications
Total @ 2

# of Duplications

S_terminal_branch
S_terminal_branch
S_terminal_branch
S_terminal_branch
S_internal_branch
S_internal_branch
S_internal_branch

abc-d_S.tree_g.tree.ale.ml_rec (END)

Transfers
(7] 4
Transfers
a 0
b (7]
C 0
d (7]
1 (7]
2 (7]
3 (7]

Transfers

0.3

3.

Transfers

NPFP,QOQONTQo

3

[SESTS ISR S

0

Transfers

1.06978 le-10

Transfers
(7] 3
Transfers
a 0
b (7]
C 0
d 0
1 (7]
2 (7]
3 (7]

Losses Speciations

Losses copies

(SIS R SIS IS RS
(SIS IS BRI S)
PR NNNR P

Losses Speciations

Losses copies

0 0.1 1
0.1 0.2 1
0.8 0 2
0.8 0 2
(/] 0 1.1
0.1 0 1.2
0.1 0 1.1

Losses

Losses Speciations

Losses copies

(SIS I S SRS
[SES RS RIS R S
PR R NNR R

b, ¢,c

DTL

species tree

ILTTTEERYY TEETERTTTS

gene trees



0.01

0.01 lambda

tree g.tree.ale sample=10 delta=0.0 tau
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abcd/

DTL

species tree
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view the tree using either
phylo.io, seaview or FigTree!



abcd/ ALEmI cdab_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.01

((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2@01c:1,d_2@001d:1)T@Q[-1:0.5)T@@1a:0.5).1:3).3:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3)@313.3:0.5)T@313:0;
(Cc2:1,d_2:1).2:0.5,Ca_1:1.5,(b_1:2,(d_ 1@®Id:1,c_1@®lc:1)T@0I—1:3)T@0Ib:@.S).l:@.S).3:O;
((c_2:1,d_2:1).2:0.5,(a_1:1.5,(b_1:2,(d_1@01d:1,c_1@01c:1)T@Q1-1:3)T@A1b:0.5).1:0.5).3:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1@01b:2,(d_1:1,c_1:1)@212.2:3)T@21-1:0.5)T@313:0;
((c_2:1,d_2:1).2:0.5,(a_1:1.5,(b_1:2,(d_1@01d:1,c_1@dIc: 1)T@0I -1:3)T@01b:0.5).1:0.5).3:0;
((c_2:1,d_2:1).2:0.5,Ca_1:1.5,(b_1:2,(d_1@01d:1,c_1:1)@0|cT@1c:3)T@|b:0.5).1:0.5).3:0;
((c_2:1,d_2:1).2:0.5,(Ca_1:1.5,(b_1:2,(d_1@01d:1,c_1:1)@21cT@1c:3)T@|b:0.5).1:0.5).3:0;
((c_2:1,d_2:1).2:0.5,Ca_1:1.5,(b_1:2,(d_1:1,c_ 1@0|c 1)@ 1dT@1d:3)T@éd1b:0.5).1:0.5).3:0;
((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2:1,d_2@01d:1)@0|cT@[c:0.5)T@21a:0.5).1:3).3:0;

ALEmI cdab_S.tree g.tree.ale sample=10 delta=0.01 tau=0.0 lambda=0.01 DTL
species tree

Total 0 2 0 3

(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.4513:0;
(Ca_1.1:1.5,(Cc_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.313:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.213:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.413:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.113:0;
(C(a_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.4513:0; .
(Ca_1.1:1.5,(Cc_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.213:0; .
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.113:0; E
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.3513:0; E
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.313:0; E
# of Duplications  Transfers Losses Speciations -
Total 1 0 2 6 :

S EsEEEEEEEEEEEEEEEEEE

gene trees:

view the trees using either
phylo.io, seaview or FigTree!



abcd/ ALEmI cdab_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.01

((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2@01c:1,d_2@001d:1)T@Q[-1:0.5)T@@1a:0.5).1:3).3:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5, (b_1.1.2 (d_1:1,c_1:1).2:3)@313.3:0.5)T@313:0;
(Cc2:1,d_2:1).2:0.5,(Ca_1:1.5,(b_1:2,(d_1@01d:1,c_1@001c:1)T@Q1-1:3)T@A1b:0.5).1:0.5).3:0;
((c_2:1,d_2:1).2:0.5,(a_1:1.5,(b_1:2,(d_1@01d:1,c_1@01c:1)T@Q1-1:3)T@A1b:0.5).1:0.5).3:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1@01b:2,(d_1:1,c_1:1)@212.2:3)T@21-1:0.5)T@313:0;
((c_2:1,d_2:1).2:0.5,(a_1:1.5,(b_1:2,(d_1@01d:1,c_1@dIc: 1)T@0I -1:3)T@01b:0.5).1:0.5).3:0;
((c_2:1,d_2:1).2:0.5,Ca_1:1.5,(b_1:2,(d_1@01d:1,c_1:1)@0|cT@1c:3)T@|b:0.5).1:0.5).3:0;
((c_2:1,d_2:1).2:0.5,(Ca_1:1.5,(b_1:2,(d_1@01d:1,c_1:1)@21cT@1c:3)T@|b:0.5).1:0.5).3:0;
((c_2:1,d_2:1).2:0.5,Ca_1:1.5,(b_1:2,(d_1:1 c_1@®|c 1)@ 1dT@1d:3)T@éd1b:0.5).1:0.5).3:0;
((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2:1,d_2@01d:1)@0|cT@[c:0.5)T@21a:0.5).1:3).3:0;

ALEmI cdab_S.tree g.tree.ale sample=10 delta=0.01 tau=0.0 lambda=0.01 DTL
species tree

gene trees

Total 0 2 0 3
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.4513:0;
(Ca_1.1:1.5,(Cc_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.313:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.213:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.413:0;
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.113:0;
(C(a_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.4513:0; CETTTTITTTY TETTPrrres
(Ca_1.1:1.5,(Cc_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.213:0; . 5
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.113:0; E o
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.3513:0; E E
(Ca_1.1:1.5,(c_2:1,d_2:1).2:0.5).3:0.5,(b_1.1:2,(d_1:1,c_1:1).2:3).3:0.5)D@311.313:0; : :
# of Duplications  Transfers Losses Speciations - :
Total 1 0 2 6 : :
L .

ALEmMI cdab_S.tree g.tree.ale sample=10 delta=0.0 tau=0.01 lambda=0.0

((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2:1,d_2@01d:1)@0|cT@?1c:0.5)T@01a:0.5).1:3).3:0;
(Cc.2:1,d_2:1).2:0.5,Ca_1:1.5,(b_1:2,(d_ 1@0|d 1,c_1@01c:1)Ten1-1:3)Tév1b:0.5).1:0. 5) 3:0;
((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2@01c:1,d_2@01d:1)Te01-1:0.5)T@d1a:0.5).1:3).3:0;
(Cc_2:1,d_2:1).2:0.5,(a_1:1.5,(b_1:2,(d_1@01d:1,c_1:1)@0|cT@Q|c:3)T@A1b:0.5).1:0.5).3:0;
((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2@01c:1,d_2:1)@01dTea1d:0.5)T@d1a:0.5).1:3).3:0;
((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2@01c:1,d_2:1)@01dT@01d:0.5)T@01a:0.5).1:3).3:0; ?
((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2@01c:1,d_2@01d:1)T@01-1:0.5)T@A1a:0.5).1:3).3:0; B
(Cc_2:1,d_2:1).2:0.5,(a_1:1.5,(b_1:2,(d_1@01d:1,c_1@01c:1)T@01-1:3)T@A1b:0.5).1:0.5).3:0;
(Cc_2:1,d_2:1).2:0.5,(a_1:1.5,(b_1:2,(d_1:1,c_ 1@®Ic 1)eo|dTeald:3)Tealb:0.5).1:0.5).3:0;
((d_1:1,c_1:1).2:3,(b_1:2,(a_1:1.5,(c_2@01c:1,d_2:1)@01dTea1d:0.5)T@d1a:0.5).1:3).3:0; T@@ | —1
# of Duplications  Transfers Losses Speciations




abcd/

0.5
d_2@0ld
T@0I-
c_2@0lc
a0 DTL
species tree
1 a1
b_1
.3:0
c_1
.2
d_1

view the tree using either
phylo.io, seaview or FigTree!



abcd/

ALEobserve g.tree
ALEmI abcd_S.tree g.tree.ale sample=10

ALEmI cdab_S.tree g.tree.ale sample=10
DTL

ALEmI abc-d_S.tree g.tree.ale sample=10 .
species tree

gene treesg
2 3 I :
transfers transfers

different
time order

1
S OOPOREPE transfer

BN NS OR @

different
root

species tree

gene tree reconciliation

A CDB C D A B CC DD A B CC DD A B CC DD



abcd/ ccundated”
DTL

“undated”
DTL

species tree




abcd/ ccundated”
DTL

“undated”
DTL

species tree




abcd/ ccundated”
DTL

“undated”
DTL

species tree




abcd/ ccundated”
DTL

“undated”
DTL

species tree




abcd/ ccundated”
DTL

“undated”
DTL

species tree




abcd/ ccundated”
DTL

“undated”
DTL

species tree




abcd/ ccundated”
DTL

What do you see that is different compared to ALEmMI?

ALEmI_undated abcd_S.tree g.tree.ale sample=10 “undated”

ALEmI_undated cdab_S.tree g.tree.ale sample=10 DTL

species tree
ALEmI_undated abc-d_S.tree g.tree.ale sample=10




abcd/ ccundated”
DTL

What do you see that is different compared to ALEmMI?

ALEmI_undated abcd_S.tree g.tree.ale sample=10 “undated”

ALEmI_undated cdab_S.tree g.tree.ale sample=10 DTL

species tree
ALEmI_undated abc-d_S.tree g.tree.ale sample=10




abcdef/
Efficiently exploring the space of reconciled gene trees

Based on a sample of trees conditional clade probabilities can be used to estimate posterior probability of any
gene tree that can be amalgamated. This 1s usually a very large number of trees (e.g. for 104 samples 1012 trees,
but up to 1049). The dynamic programming used in gene tree-species tree reconciliation can be extended to

approximate the joint likelihood efficiently for a very large set of gene trees.

amalgamated

sample of gene trees best sequence-only
gene tree

based on sequence gene tree

10/10

Species
tree
DTL
species tree
/5
f ’

10/10

Species
tree
/5
3/3
f

f 5/10

3X

f

a b
x>l

d

e

e

C

f

a

)

510
b d
b e 3/8
5X 5 °
c d 5/8 ﬂ
genes a b ¢ d e a b ¢ d ©
spclerzzies A B C D E F A B C D E F
joint likelihoods: o X 0 x P(1 transfer and 1 loss) il ><!,é x P(0 events) :
10 8 10 8
implemented in ALE:
Szollosi, Tannier, Lartillot & Daubin Systematic Biology (2013)

Lateral Gene Transfer from the Dead
Szollosi, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013)

Efficient exploration of the space of reconciled gene trees

http://github.com/ssolo/ALE


http://scholar.google.hu/citations?view_op=view_citation&hl=en&user=sPrYT-oAAAAJ&citation_for_view=sPrYT-oAAAAJ:8k81kl-MbHgC

abcdef/

$ cd ~/workshop_materials/lab_data/abcdef

red.tree

green.tree

e

—n

Cc

blue.tree

S.tree

DTL

species tree




abcdef/

Use ALEmI (and/or ALEmI_undated) on each gene tree to estimate ML rates
and sample reconciliations with the specie tree

S.tree
red.tree
f
a b
c d
e
green.tree D.T L
. species tree
a f
b d
C
blue.tree
f
d
a b C d e f




abcdef/

ALEmI S.tree blue.tree.ale
ALEmI S.tree green.tree.ale
ALEmI S.tree red.tree.ale

red.tree
f
a b
3 5 Species
e tree
green.tree
e
a f
b d

DTL

species tree




abcdef/

Combine the three trees into the same file to have 2x red.tree, 3x green.tree, 5x blue.tree

Then use ALEmMI (and/or ALEmI_undated) on each gene tree to estimate ML rates
and sample reconciliations with the specie tree

red.tree
f
a b
2X
c d
e
green.tree
e
a f
3x
b d
C
blue.tree

S.tree

DTL

species tree

il




abcdef/
ALEmI S.tree help/rgb.trees.ale

sample of gene trees best sequence-only amalgamated
gene tree

based on sequence gene tree

10/10

10/10

a >TJ< b
2X C d Species Species
© tree tree
1 f 5/10
3X
o ¢ DTL
species tree
b f e 3/8 p
5X :>f<<
c d 5/8
a 3/3
genes a b ¢ d e f a b c d e f
in
species A B C D E = A B C D E =
joint likelihoods: % X g x P(1 transfer and 1 loss) % xz « P(0 events)




Efficiently exploring the space of reconciled gene trees

Based on a sample of trees conditional clade probabilities can be used to estimate posterior probability of any
gene tree that can be amalgamated. This 1s usually a very large number of trees (e.g. for 104 samples 1012 trees,
but up to 1040).

more samples the better

o
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!
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"-<| o000

i
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--10000
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o - : : —_ : : : —_

J | ! | |
real ——" 10000 3000 1000 300 100 30 10 samples

seq. L J
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S-aware



real_data/simulated/sc_univ_fams
Real data!
OK .. first realistic data

$ cd ~/workshop materials/lab data/real data/simulated

SIMPLE model
—- sample
(Poisson uniform rates) P.
reconciled
. -

simulated gene trees

alignments ~\ &

COMPLEX model

(LG+T4) — DTL rates

"sequence only" trees "joint" trees

DTL

species tree

99.] salvads




real_data/simulated/sc_univ_fams
Real data!

OK .. first realistic data

Sample trees using bootstrap and take a look:

iqtree2 -m LG -bb 10000 -s HBG486560 sim.fasta -wbtl
less HBG486560 sim.fasta.ufboot

Run ALEmI|_undated on the ML tree

ALEobserve HBG486560 sim.fasta.treefile
ALEmI undated ../S.tree HBG486560 sim.fasta.treefile.ale

Run ALEmI_undated on the true tree

ALEobserve HBG486560 true.tree
ALEmI| _undated ../S.tree HBG486560 true.tree.ale

Run ALEmI_undated on the sample of trees

ALEobserve HBG486560 sim.fasta.ufboot
ALEmI _undated ../S.tree HBG486560 sim.fasta.ufboot.ale

Do the same for HBG747311_sim.fasta..

What do you see?

(Hint: compare the “Total” rows giving the avg. number of events))

DTL

species tree




real_data/sc_univ_fams

Real data!

$ cd ~/workshop_materials/lab_data/real_data/
$ cd sc_univ_fams

Run ALEmI|_undated on the ML tree
ALEmI _undated ../S.tree HBG486560 real.fasta.treefile.ale

we don’t know the true tree, sorry

Run ALEmI_undated on the sample of trees from phylobayes

ALEmI _undated ../S.tree HBG486560 real.ale

What do you see?

(Hint: compare the “Total” rows giving the avg. number of events )

DTL

species tree




real_data/sc_univ_fams
Real data!

ALEmI _undated ../S.tree HBG486560 real.fasta.treefile.ale

# of Duplications  Transfers Losses Speciations
Total @ 6.25 3.96 32.71

ALEmI undated ../S.tree HBG486560 real.ale

# of Duplications Transfers Losses Speciations
Total O 1.05 0.99 34.94
EB —

50
l

11

events per gene family
20 30 40
|

10
l

CEBEIEIEID O O
<|GZ®MDGBD

S-aware S-aware S-aware
-unaware -unaware -unaware
Duplications Transfers Losses

DTL

species tree

HBG616165

HBG571647
HBG285867



real_data/sc_univ_fams

Real data!

ALEmI| _undated ../S.tree HBG486560 real.fasta.treefile.ale

# of Duplications  Transfers Losses Speciations
Total O 6.25 3.90 32.71

ALEmI undated ../S.tree HBG486560 real.ale

DTL

species tree

# of Duplications Transfers Losses Speciations
Total @ 1.05 0.99 34.94

Can you find a true orthologous family?
(1.e. a family with 0 Duplication , Transfer and Loss events)

Hint: if you are less familiar with the command line you can ask ChatGPT or
Bard how to run the same command on multiple files?

# Loop through each .ale file in the ¢

for ale_file in *.ale; d
echo ng i :
ALEml _undated ../S.tree "
done HBG285867,

@ ChatGPT



real_data/general_fams

Real data!

$ cd ~/workshop materials/lab _data/real data/simulated
$ cd general_fams

Find the rooted species tree with the highest likelihood using DTL by
summing the log-likelihood across all .ale files (cf. bash command on previous
page) for each candidate species tree S.tree, S altl.tree, S alt2.tree (or your own DTIL

rerooted version of S.tree made with seaview or FigTree).
species tree

ALEmI undated ../S.tree $ale file @

$ wget http://ssolo.web.elte.hu/S_alt1.tree
ALEmI|_undated S_alt1.tree $ale_file

$ wget http://ssolo.web.elte.hu/S_alt2.tree
ALEmI|_undated S_alt2.tree $ale_file

Bonus/Home Work:
try our new implementation that can do this and a lot more for you
(efficiently using MPI):

https://qgithub.com/BenoitMorel/AleRax.qgit
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Bonus/Home Work:
try our new implementation that can do this and a lot more for you
(efficiently using MPI):

https://qgithub.com/BenoitMorel/AleRax.qit
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