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Phylogenomics can be regarded as the
intersect of the fields of evolution and
genomics Eisen J. (2005)
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- Origin and early evolution of eukaryotes

- Reticulated evolution in eukaryotes

- Genomic and phenotypic evolution in yeast pathogens (Candida)

- Host-microbiome interactions

- Phylogenomics applied to study of biodiversity and phenotypic transitions
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Mutations enhancing leukemia A stable gold support gives
development sharper resolution
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Why care about gene family evolution?

- Gene repertoires encode the phenotypic potentials of a given organism

- Changes in gene content or gene functions underlie phenotypic evolution

- Gene family evolution can reveal how the current diversity of molecular and
biological functions has evolved

- Genes can be regarded as evolutionary units that evolve (in part)
independently from the species tree

- Genes retain footprints of past evolutionary events

- Functional annotation of genes requires an evolutionary insight

- Co-evolution of gene families reveal functional interactions
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But

what is a gene?
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A modern definition:

A piece of DNA or RNA which codes for a molecule that has a function

MRNA

Function Function
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But

what is a gene function?
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Functional roles of genes.
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C e . The Gene Ontology
Is difficult to formalize

functional annotations.
Attempts include E.C.

numbers, GO terms, etc A GO annotation s ...

...a statement that a gene product;

1. has a particular molecular function
is involved in a particular biological process

Most annotations are indirect
is located within a certain cellular component

They are far from optimal, 2. as described in a particular reference
but better than nothing _ _
3. as determined by a[pamcular method]
Accession| Name| GO ID GO term name Reference Evidence

code

GEN
E E O NTO LO GY P00505 [GOT2 | GO:0004069| aspartate transaminase activity PMID:2731364 IDA

Unifying Biology

EMBL-EBI
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From genome to gene content: gene prediction

- De novo
- Homology-based
- RNAseq based

16



From genome to gene content: gene prediction

- De novo
- Homology-based
- RNAseqbased

NEWS | 19 June 2018

- 1 ' L] L]
Still an issue! New human gene tally reignites
debate GNETALY o s s e

Some fifteen years after the human genome was sequenced, researchers still can’tagree ~ °7%°*

on how many genes it contains.




Number of orthogroups

5600 A
5400 A
5200 A
5000 -

v

600 1
400

200 1

Raw

///

Number of proteins

5 10
Number of strains

15

20
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Chromosome-level assemblies from diverse clades
reveal limited structural and gene content variation in
the genome of Candida glabrata
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Mixing genome annotation methods in a comparative analysis
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Gene Orthology
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A gene family:
A set of genes with shared ancestry (homologs)

Gene families have hierarchical evolutionary
relationship (best represented by a tree)

duplication

K

Members of a gene family can be orthologs or
paralogs between them

loss

An orthologous group is a (or part of) a gene family

Gene families evolve by duplication and loss (birth
and death)

dl hi ml m2 rl r2

Dog Human Mouse Rat
21



But

Genes also evolve by
reticulate evolution (HGT
and Hybridization)
Genes also evolve by
fusion and fission

Box 2 | Units of orthology

a Species 1 —
Species2 [N
Species3 [ ]
Species4 [N ] |
Species5 [ | Y
Species 6 ] T
b Species 1
Species 2 Species 3
I
Species 1
Species 6
Species 4

Species 4

Species 5

Species 5 Species 6




But how they originate in the first place?

Every newly sequenced genomes has predicted “orphans” for which
no homolog can be found:
Ortholog New gene

- Spurious predictions?
- Undetected homology?
- Newly emerged gene?

il

-
.
1 ®
ke




De novo origin of genes.
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De novo origin of genes.
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De novo origin of genes.

C—— Transcription Established  Taxonomically Species- Spurious
@ ORF gene restricted gene specific gene activity

_— cEBs> <@l <@l <@
@B <@ ——

Sequence — @ < b= = = = p—
similarity
—E —C.:)— ( ) SR ) -

Evolutionary conservation e JorX X X
Purifying selection (dN/dS < 1) v v NA NA
Positive selection (dN/dS > 1) JorX i NA NA
Transcription v v v v
Translation v v 7 7
Knockdown or knockout phenotype JorX JorX JorX X

Nature Reviews | Genetics
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Why genes duplicate?

Spontaneous duplications are common due to:

- DNA breaks and repair: unequal crossing over, replication slippage, ectopic
recombination

- Retrotranscription

- Mobile elements

- Aneuploidies, Polyploidies

They are common, but the most common outcome of duplication is degeneration
(loss) of one of the duplicates

28
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According to this model, gene duplicate retention is associated to
functional change
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Functional roles of genes.
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Sequence -3 Structure -—3» Function
| . B o )
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DEESYEVFKELFDFI
ISDRHGGYKPTD...

Gene sequence encode protein (or RNA) structure, and its (dynamic)
physico-chemical properties, which in turn perform some activity (in a given
context)



Homology based functional inference.

If sequence determines structure, which determines function, can we predict function from

Sequence?
——— )

Sequence Sequence
<)
Structure Structure
Function = Function

9

The overwhelming majority of functional annotations are based on this
concept 33



One family one function?

34



If sequence changes, structure and function may
or may not change.

Mutation, drift, and selection govern this process

35
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homologs
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If duplications promote functional genes, and paralogs are the result of duplications,

we expect them to diverge in function.

The orthology conjecture: orthologs, as compared to paralogs, are more likely to

share function
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Questioning the orthology conjecture

[Opinion_| Cell

PREG S

How confident can we be that
orthologs are similar, but paralogs
differ?

Romain A. Studer and Marc Robinson-Rechavi

Department of Ecology and Evolution, Biophore, Lausanne University, CH-1015 Lausanne, Switzerland and Swiss Institute of
Bioinformatics, CH-1015 Lausanne, Switzerland

OPEN @ ACCESS Freely available online PLOS computationaL sioLoGY

Testing the Ortholog Conjecture with Comparative
Functional Genomic Data from Mammals

Nathan L. Nehrt'®, Wyatt T. Clark'®, Predrag Radivojac'*, Matthew W. Hahn'?*

1 School of Informatics and Computing, Indiana University, Bloomington, Indiana, United States of America, 2 Department of Biology, Indiana University, Bloomington,
Indiana, United States of America
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Functional Similarity

Figure 1. The relationship between functional similarity and sequence identity for human-
mouse orthologs (red) and all paralogs (blue).
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Nehrt NL, Clark WT, Radivojac P, Hahn MW (2011) Testing the Ortholog Conjecture with Comparative Functional Genomic Data
from Mammals. PLoS Comput Biol 7(6): @1002073. doi:10.137 1/journal.pcbi.1002073

http://www.ploscompbiol.org/article/info:doi/10.1371/journal.pcbi. 100207 3
@PLOS COMPUTATIONAL
2 BIOLOGY
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OPEN @ ACCESS Freely available online PLOS compurationat sioLoay

On the Use of Gene Ontology Annotations to Assess
Functional Similarity among Orthologs and Paralogs: A
Short Report

Paul D. Thomas'*, Valerie Wood?, Christopher J. Mungall®, Suzanna E. Lewis®, Judith A. Blake® on behalf
of the Gene Ontology Consortium

1 Division of Bicinformatics, Department of Preventive Medicine, University of Southem Calforni, Los Angeles, Cakfornia, United States of America, 2 Cambeidge Systems
Blology Centre and Depantment of Biochemistry, University of Cambridge, Cambridge, United Kingdom, 3 Genomics Division, Lawrence Berkeley National Laboratory,
OPEN 8ACCESS Freely available onlin  Barkeley, California, United States of Arwrica 4 Bioinf tics and Computational Biology, The Jadkson Laboratory, Bar Harbor, Maine, United States of America

Resolving the Ortholog Conjecture: Orthologs Tend to Be
Weakly, but Significantly, More Similar in Function
than Paralogs

Adrian M. Altenhoff'?, Romain A. Studer®**, Marc Robinson-Rechavi*?, Christophe Dessimoz'%5*

1ETH Zuwrich, Department of Computer SGence, Ziirich, Switzerland, 2 Swiss Institute of Bioinformatics, Lausanne, Switzerland, 3 Department of Ecology and Evolution,
University of Lausanne, Lassanne, Switzerand, 4institute of Structural and Molecular Biology, Division of Bicsclences, University Coliege London, London, United
Kinadom. 5 EMBL-Eurcoean Bioinformatics Inatitute. Hineaon. Cambridos. United Kinadom

Nature Reviews Genetics | AOP, published online 4 :\pnl 2013 doi 10.1038/nrg3456

PERSPECTIVES

BRIEFINGS IN BIOINFORMATICS, VOL 12 NO & 4040 dox 1007 15 Ber 022
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OPINION

Functional and evolutionary Evidence for short-time divergence

implications of gene orthology and long-time conservation of

Toni Gaboldén and Eugene V. Koonin tissue-specific expression after
gene duplication

Jaime Huerta-Cepos, jooquin Dopazo, Martin A. Huynen and Toni Gabaldén
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Figure 1. Potential confounding factors in GO analyses.

A. Authorship bias: average GO Similarity
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Altenhoff AM, Studer RA, Robinson-Rechavi M, Dessimoz C (2012) Resolving the Ortholog Conjecture: Orthologs Tend to Be
Weakly, but Significantly, More Similar in Function than Paralogs. PLoS Comput Biol 8(5): e1002514.

doi:10.1371/journal.pcbi. 1002514
http ://mww.ploscompbiol.org/article/info:d0i/10.1371/journal .pcbi. 100251 4

® PLOS | Sapyramiona

41



0.25

—@— All categories ~—&— Cellular component
—— Molecular function  —>¢— Biological process

o
o
1

0.15

0.05 -

Excess functional similarity in
orthologues versus paralogues
o
—

1

o
|

-0.05 T T T T T T T ]
100-90 90-80 80-70 70-60 60-50 50-40 40-30 30-20 20-10

Protein sequence divergence (% identity)

Nature Reviews | Genetics

42

Gabalddn, Koonin (2013)



Functional divergence through speciation
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Conclusions

- Orthologs (slightly?) more likely that paralogs to share function
- One function per gene family?: not totally, variation over a common theme
(e.g. transporter with different substrate affinities)

- Broadly defined functions probably conserved, specific functions more
variable.
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Maximum likelihood 2

I 4 N (D) CCAG cC ;ﬂ G
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@C.GGATA|GCCTAG..C A A
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. v N ® [ CCAG
hypothesis of sequence b T m(,b( //)
evolution along the tree |

a topology and branch . R ( /)

NI/
C

e Tree after rooting in an arbitrary node (reversible model).

e The likelihood for a particular site is the sum of the probabilities of every possible

reconstruction of ancestral states given some model of base substitution.

The likelihood of the tree is the product of the likelihood at each site.

N
L= L‘“ - ’15_13'..‘ g [,r_.\,'. — n I.‘jj.
j=1

The likelihood is reported as the sum of the log likelihhod of the full tree.

N
InL = InLy+InLiny+ ...+ InLiyy = > InL;
i=1
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Nonsynonymous and synonymous substitutions are expected to be
subject to selection to different degrees

A Nonsynonymous / Synonymous substitution

TCCGATATATGGCAACCCGACAAA
S DI W Q P D K

TCAGATCTATGGCAGCCCCACAAA
S DLW Q P R K

B Radical / Conservative substitution

ATTGACTATTCCTGTTGGTTTGAACCAGGCAGA
| DY S "W F E P G R

ATTCACTACTCCGGTTGGTTCGCACCAGGAAAA
| RRY S G"W F AP G K*

+ positive
- negative
N neutral



We can use branch-site models to compute rates

for each branch (i.e. to detect lineage specific selection)

(e.g. PAML)
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- (7:1)| .76 Chinpanzse garD1 | 2331 | 1 | 1 | 04| 04| 10
(4:2) CtiP 2691 | 5 7 1.9 | 26 | 0.7
071 Eoila PALB2 | 3558 | 7 s |20 14| 14
(15:8) RADSO | 3.936 | 1 3 03] 08| 04
T e aatt BRCA2 | 10254 | 7 8 |07 )08/ 09
8MYA 6 MYA 2MYA today
C. L1 L1l 11 Luoml Y | 11
| | T [ IT_J] Human BRCA1
? * b4 1
L | [ 1T 1] Bonobo BRCA1
r 7 *° b i
| 1T Chimpanzee BRCA1
RING C-C BRCT

| non-synonymous mutations in human BRCA1 since the last common ancestor

? non-synonymous mutations in bonobo BRCA1 since the last common ancestor
non-synonymous mutations in chimpanzee BRCA1 since the last common ancestor
non-synonymous mutations in both bonobo and chimpanzee BRCA1 since the last common ancestor

Py
(248 )

lineage A-B-C :
{ WA=W0B=WMCFMQ :
WO=Wp=wE :

i { WA=WBFO0
WO=WC=WP=WE

lineage A

o {mA#mo ;
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f : lineage A-B

lineage C

{ WCFmO ’
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{(:)3#(1)0
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(3412
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lineage D
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Can we predict change of function?

DIVERGE2= compare sub-alignments of different clades that
differ radically in specific domains

AT PN wdd.‘rw.'ldl‘ﬂ-.-udhs(wl‘l‘d.\v‘v"t
Group 2a

NWRKY1E
AWRKYE0
AIWRKY40

Group 2b

MNWRKYS

AWRKYT2
AWRKYS1
AWRKY3!
NWRKYS

AIWRKY42
NWRKY47?
AWRKY36

e wa o Y2 )

- g
- o
nadl s
o
%

.
N

Probably group 2a and group 2b, perform different functions



Fig.1 931 Anopheles gambiae )
860 Drosophila melanogaster
549 Caenorhabditis elegans
] - Homo sapiens
Mus musculus
212 875 L Tetraodon nigroviris
Neurospora crassa
292 552 Candida albicans
i 280 __Ii Yarrowia lipolytica
257 Arabidopsis thaliana
Chlamydomonas reinhardtii
oag [ Drosophila melanogaster \
O Anopheles gambiae
592 Homo sapiens
Mus musculus
oS Tetraodon nigroviris > B17.2
L Caenorhabditis elegans
ik I Arabidopsis thaliana
— Candida albicans
896 Yarrowia lipolytica
43 _|:Neurospora crassa ) 0.5
Brucella melitensis =

Gabaldén and Huynen 2007
Prediction: B17.2L has a function that is linked to Complex | (co-evolution) but likely Very dn‘ferent
from what B17.2 (never identified as a subunit, large sequence divergence different constraint)



R e S e a rC h a I’t I Cl e Related Commentary, page 2689

A molecular chaperone for mitochondrial
complex | assembly is mutated in a
progressive encephalopathy

Isla Ogilvie,' Nancy G. Kennaway,? and Eric A. Shoubridge'3

'Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada. 2Department of Molecular and Medical Genetics,
Oregon Health & Science University, Portland, Oregon, USA. *Department of Human Genetics, McGill University, Montreal, Quebec, Canada.
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You can also model co-evolution between

sequences

A Protein A Protein B
OO —m—
e QQQr e Qs (O r——
e QrQ Qe Qe OO
QI Qe Qe OO —u—
= QQQEee Qe (OO —
s QQ Qe Qs OO m——
OO0 O OO O

Co-evolving sites

Complexes with subunits close on E. coli genome

= # Sequences (N / L)

too few (< 0.3)
Il enough (= 0.3)

known unknown
3D 3D

Protein A

Protein A

e : : 64 ®
Statistical L Compute R
co-evolution O_&P complex Protein B
analysis Protein B in 3D
€] >

Inter-protein ECs
(evolutionary couplings)

All E. coli interaction
201:1

Currently accessible
to EVcomplex

I now
future
2922 ;
o’o&? ’—",'&)@Q
7 o Besez . e

s s R
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You can also model co-evolution between sequences

A

amino acid X at residue xx
wild type

amino acid Y at residue yy
wild type

viral fitness ++++

Y (wt)
X (wt) atyy
atxx

B

amino acid U at residue xx
CTL escape mutation

amino acid Y at residue yy
wild type

viral fitness +/-

Y (wt)

U (mt) Yy
at xx

(o]

amino acid U at residue xx
CTL escape mutation

amino acid V at residue yy
compensatory mutation

viral fitness +++

U (mt)
atxx

V (mt)

atyy
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You can also model co-evolution between sequences

Blinded prediction of inter-protein contacts in complexes with known 3D structure

8A

<
Inter-EC

EnvZ — OmpR

(homolog)

BtuC — BtuD DhaK — Dhal CarB — CarA GesT — GesH RS3 — RS14 54



You can even reconstruct ancestral sequences

“horizontal” comparison of
extant sequences
(multialignment)

Ancestral
nodes

“vertical” comparison of
extant and ancestral
sequences
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archosaur
ancestor

x<

Published online 5 September 2002 | Naktwre | 9ol 10.1038/news020902 7

Triassic replile saw red

Resurrected protein suggests that croc ancestors r
at night.

Hulen Pearson

A reptite from the Triassic period may

have done its staiking at might. So 9
suggesl scientists who have
resurrectad 2 240-milllon-ysar-old sye
protein that sees dim light?.

Such a molecuse may have been found
in the ayes of the earliest archasaurs,
WRHICH were pragecessors of the
dnosaurs. Simear proteins, called
rhodopsing, percelve low levels of light
iIn umans and other ammals.

Thomas Sakmar of Rockefaller Gane reconstruction ghves
University In New Yark and his researchers a dim view of
the distant past.

colleagues used 8 computer program
to extrapolate the DNA sequence of
the anclant rhodopsin from known
seauences in alligator. birds. froas and fish.
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Recreating a Functional Ancestral Archosaur Visual

Pigment @

Belinda S. W. Chang, Karolina Jenssen, Manija A. Kazmi, Michael J. Donoghue,

Thomas P. Sakmar

Molecular Biology and Evolution, Volume 19, Issue 9, 1 September 2002, Pages 1483-1489,
https://doi.org/10.1093/oxfordjournals.molbev.a004211
Article history

Published: 01 September 2002

Absorbance (x10)

R28 88N

Time (sec)
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Published online 5 September 2002 | Naktwre | 9ol 10.1038/news020902 7

Triassic replile saw red

Resurrected protein s that croc ‘ ancestors roamed
at night.

Hulen Pearson

A reptiie from the Triassic period may

have done Iits stalking at night. So

suggesl scientists who have
resurrectad a 240-milllon-ysar-old sye
protein that sces aim lignt?

Such a molecule may have been found
7

’

Recreating a Functional Ancestral Archosaur Visual
Pigment @

Belinda S. W. Chang, Karolina Jenssen, Manija A. Kazmi, Michael J. Donoghue,

Thomas P. Sakmar

Molecular Biology and Evolution, Volume 19, Issue 9, 1 September 2002, Pages 1483-1489,
https://doi.org/10.1093 /oxfordjournals.molbev.a004211

Published: 01 September 2002  Article history v

7 b N 7

displayed similar functional characteristics. This indicates that archosaurs may have
had a class of visual pigments that would support dim-light vision, which is
consistent with the intriguing possibility that nocturnal, not diurnal, life histories
may have been the ancestral state in amniotes (Gauthier 1994 ), though further
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: studies will be needed to clarify this issue.
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Conclusions

- Gene trees and their underlying alignments provide a plethora of information
that can be exploited for different purposes.

- Most such analysis have been used in particular case-studies

- But large computing capacities, automated pipelines and more efficient
algorithms enable to scale up such analyses .
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Break?
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How to study gene family evolution at genomic
scales?

1) Model gene family content across a
species tree

2) Reconstruct gene (family) phylogenies and
compare them with the species tree
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Gene Orthology

Homo sapiens

Ciona intestinalis

Caenorhabditis elegans
Daphnia pulex
Acyrthosiphon pisum
Pediculus humanus
Nasonia vitripennis
Apis mellifera
Tribolium castaneum
Bombyx mori
Anopheles gambiae
Culex pipiens
Aedes aegypti
Drosophila melanogaster
Drosophila yakuba
Drosophila pseudoobscura
Drosophila mojavensis

5000
N
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L

15.000
1

20000
L

25000
L

Variation of gene content across species
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L ! )
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Wi [264-219-72-49]
Agrilus

i X 47-30-31-12
planipennis : .
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Number of chemosensory genes

1
w% 100%
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A gene family:
A set of genes with shared ancestry (homologs)

Gene families have hierarchical evolutionary
relationship (best represented by a tree)

duplication

K

Members of a gene family can be orthologs or
paralogs between them

loss

An orthologous group is a (or part of) a gene family

Gene families evolve by duplication and loss (birth
and death)

dl hi ml m2 rl r2

Dog Human Mouse Rat
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Models for gene family evolution:
Model family gene numbers as quantitative traits

325.4

397.0

52.8

425.1

419.2

Felsenstein (2005)
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Models for gene family evolution

93 89 2417 6
Ll I | -
L | | Million years ago
10 Human 12
10
Chimpanzee 8
10 ”
acaque 10
10 10 Mouse 14
Rat 7
Dog 10
A=0.002

(assuming birth=death)



Models for gene family evolution

JOURNAL ARTICLE

CAFE 5 models variation in evolutionary rates

among gene families @
Fabio K Mendes, Dan Vanderpool ™, Ben Fulton, Matthew W Hahn  Author Notes

Bioinformatics, Volume 36, Issue 22-23, December 2020, Pages 5516-5518,
https://doi.org/10.1093/bioinformatics/btaa1022
Published: 16 December2020  Article history v

- Allows different rates in different branches and across families
- Models gene annotation errors
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How to study gene family evolution?

1) Model gene family content across a species
tree

2) Reconstruct gene (family) phylogenies
and compare them with the species tree
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The Protein Kinase Complement

of the Human Genome

G. Manning,' D. B. Whyte," R. Martinez,’ T. Hunter,?
S. Sudarsanam'*

We have catalogued the protein kinase complement of the human genome (the
“kinome") using public and proprietary genomic, complementary DNA, and
expressed sequence tag (EST) sequences. This provides a starting point for
comprehensive analysis of protein phosphorylation in normal and disease
states, as well as a detailed view of the current state of human genome analysis
through a focus on one large gene family. We identify 518 putative protein
kinase genes, of which 71 have not previously been reported or described as
kinases, and we extend or correct the protein sequences of 56 more kinases.
New genes include members of well-studied families as well as previously
unidentified families, some of which are conserved in model organisms. Clas-
sification and comparison with model organism kinomes identified orthologous
groups and highlighted expansions specific to human and other lineages. We
also identified 106 protein kinase pseudogenes. Chromosomal mapping re-
vealed several small clusters of kinase genes and revealed that 244 kinases map
to disease loci or cancer amplicons.
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mooooz172_5poro1196€9' Tree collections can be interrogated to:
Pch0003335 Phchr15003
MU +Cci0001021 CC1G 01021.1

913

0.86)

1.071

Cim0008826_CIMG 08826
Ure0002586 UREG 02738.1
Hca0006241 HCAG 06241.1
0.99) Ani000348S XP_663966.1
Aor0004565 Q2UQA5
Afl0001252 AFL2G 01253
Nha0000429 Necha219682
Fox0001336 FOXG 01354
Fve0001676 FVEG 01676
Mgr0004813 MGG _08034.5
Tre0003116 _Trire259402
Ncr0007003_NCU07197.2
2ePan0008462 protPan8461
Fox0014777 FOXG_14897
Tre0003083 Trire2105771
Nha0014081 Necha298974
Gze0009488_Q4IPV2
Fve0000415 FVEG 00413
Fox0001086 FOXG 01100
Bci0011053 BC1G 11053.1
Ncr0009841 NCU10125.2

1238 #Sca0000514 Scas 550.8

(0.85)

Al ——K|a0008266 XP 453957.1

TR Sku0004192 protSku4191
(0797 1*Sce0013282 YPR200C{seed}
Spa0004804 protSpa4803
Spa0002469 protSpa2468
Spa000486S protSpadB868

Find families that show a particular topology
Detect and date duplication events

Genes that have accelerated evolutionary
rates at a particular lineage (positive/relaxed
selection)

Detect families expanded at particular
lineages

Detect footprints of horizontal gene transfer,
lineage sorting, gene conversion and other
evolutionary processes

Search for co-evolving genes

Predict functional properties
Across-species prediction of orthology and

paralogy
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Approaches

Interrogate gene trees independent of species tree
Compare gene trees and species tree: reconciliation, species-overlap

Co-estimate gene trees and species trees: GeneRax, ALE
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Approaches

Interrogate gene trees independent of species tree
Compare gene trees and species tree: reconciliation, species-overlap

Co-estimate gene trees and species trees: GeneRax, ALE

—8— AleRax
103 —o— ALE
: : . g e
AleRax: A tool for gene and species tree co-estimation and reconciliatic 2
—_ _ 3]
a probabilistic model of gene duplication, transfer, and loss 9
(%]
Benoit Morel, Tom A. Williams, Alexandros Stamatakis, Gergely J. Szoll8si GE)
doi: https://doi.org/10.1101/2023.10.06.561091 = 102

=

50 100 200 300

Sites 71



Approaches

A) Family centric approach (Most used)
Build gene families by a blast-based clustering approach (e.g. Orthofinder)

Then make a gene tree per family

B) Gene centric approach (PhylomeDB)

Take a seed genome, for every gene find homologs with blast, reconstruct a gene
tree per gene (multiple gene trees per family are possible)
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Drosophila melanogaster

0.5
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Pan troglodytes
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Canis familiaris
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J

Vertebrates

s
L Ciona intestinalis } Hroghiordate

How many families?
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Drosophila melanogaster

0.5

Homo sapiens p53 \
Pan troglodytes
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How many families?
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Drosophila melanogaster
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Drosophila melanogaster

0.5

Homo sapiens p53 \

Pan troglodytes
Mus musculus
Rattus norvergicus
Canis familiaris
Bos taurus

E Takifugu rubripens

Tetraodon nigroviris

Danio rerio

-

Mus musculus p73L
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Canis familiaris
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Danio rerio

Takifugu rubripens
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Rattus norvergicus
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How many families?
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MERCATOR PROJECTION VS THE TRUE SIZE OF COUNTRIES

@neilrkaye
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Orthogroups are useful but

- Bad name choice (= gene family, and it contains paralogs)

- A 1-dimensional projection of a hierarchical relationship based on indirect
measure of that hierarchy (blast-based distance)

- Nested relationships, must be defined at each taxonomic level
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Our pipeline:

Huerta-Cepas et al.
Nucleic Acids Res. (2008) ~ PHYLOME

www.phylomedb.org

| B 4
] 1
ETE: Environment for‘_
6-“ % Tree Exploration 1 i

Atoolfor automated
alignment trimming

“"Salvador-Capella et al
Bioinformatics (2009).

http:/ltrimal.cgenomics.org

81
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alignment trimming

Homologous sequences aligned in forward and reversed (head or tail
approach), and each of them with three different algorithms: 2 x 3 =6
different alignments
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alignment trimming

A consensus is built from the 6
different alignments (M-Cofee)

TrimAl trims based on
a consistency score

sw_DSBA PSESM/1
sw DSBA SALTY/1
sw DSBA ENTAM/3

A

A
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sw_DSBA LEGPN/1
cons

sw_DSBA PSESM/1
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p!ylome

f

i%
|

HOME SEARCH PHYLO EXPLORER DOWNLOADS HELP FAQ ABOUT LOGIN

i

Welcome tto PlylomeDB'5 i
’ 1

-
I

- -
L AN

.

| : ]
Your catalog of gé‘ne phylogenies
'

>

WHAT IS PHYLOMEDB?

PhylomeDB is a public database for complete catalogs of gene phylogenies (phylomes). It allows users to
interactively explore the evolutionary history of genes through the visualization of phylogenetic trees and
multiple sequence alignments. Moreover, phylomeDB provides genome-wide orthology and paralogy
predictions which are based on the analysis of the phylogenetic trees. The automated pipeline used to
reconstruct trees aims at providing a high-quality phylogenetic analysis of different genomes, including
Maximum Likelihood tree inference, alignment trimming and evolutionary model testing.

PhylomeDB includes also a public download section with the complete set of trees, alignments and
orthology predictions. Finally, phylomeDB provides an advanced tree visualization interface based on the
ETE toolkit, which integrates tree topologies, taxonomic information, domain mapping and alignment
visualization in a single and interactive tree image.

Phylogenetic trees representing the evolutionary relationships of homologous genes
are the entry point for many evolutionary analyses

Pva ey
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mooooz172_5poro1196€9' Tree collections can be interrogated to:
Pch0003335 Phchr15003
MU +Cci0001021 CC1G 01021.1

913

0.86)

1.071

Cim0008826_CIMG 08826
Ure0002586 UREG 02738.1
Hca0006241 HCAG 06241.1
0.99) Ani000348S XP_663966.1
Aor0004565 Q2UQA5
Afl0001252 AFL2G 01253
Nha0000429 Necha219682
Fox0001336 FOXG 01354
Fve0001676 FVEG 01676
Mgr0004813 MGG _08034.5
Tre0003116 _Trire259402
Ncr0007003_NCU07197.2
2ePan0008462 protPan8461
Fox0014777 FOXG_14897
Tre0003083 Trire2105771
Nha0014081 Necha298974
Gze0009488_Q4IPV2
Fve0000415 FVEG 00413
Fox0001086 FOXG 01100
Bci0011053 BC1G 11053.1
Ncr0009841 NCU10125.2

1238 #Sca0000514 Scas 550.8

(0.85)

Al ——K|a0008266 XP 453957.1

TR Sku0004192 protSku4191
(0797 1*Sce0013282 YPR200C{seed}
Spa0004804 protSpa4803
Spa0002469 protSpa2468
Spa000486S protSpadB868

Find families that show a particular topology
Detect and date duplication events

Genes that have accelerated evolutionary
rates at a particular lineage (positive/relaxed
selection)

Detect families expanded at particular
lineages

Detect footprints of horizontal gene transfer,
lineage sorting, gene conversion and other
evolutionary processes

Search for co-evolving genes

Predict functional properties
Across-species prediction of orthology and

paralogy
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Tea_GLEAN_14647 (Tnbolium castaneum)
—CPIJ013454-PA (Culex pipiens)
_I —AAEL007987 (Aedes aegypti)
AGAPO007361 (Anopheles gambiae)
» FBgn0081167 (Drosophila pseudoobscura)
{fgnoossm (Drosophila yakuba)

GO:0005785="signal recognition particle receptor complex”

-
| ‘

Bgn0035771 (Drosophila melanogaster)G0:0006457="protein folding"
G0:0051082="unfolded protein binding"
‘ FBgn0135605 (Drosophila mojavensis)
——BGIBMGA009967 (Bombyx Mon)
_ ——GB18907-PA (Apis mellifera)
' hmm158664 (Nasonia vitripennis)
GO0:0005785="signal racognition particle receptor complex”
- H inn" +—
CYPI000508-PA (Acyrthosiphon pisum) G0:0006457="protein folding
G0:0051082="unfolded protein binding"
PHUMO04790-PA (Pediculus humanus) Phylogeny-based
NCBI_GNO_494063 (Daphnia pulex)
60:0051082="unfolded protein binding" one-to-one orthology
. G0:0031072="heat shock protein binding" fu n Ctl on al ann Otatlo n
ENSG00000023796 (Homo saplens) G0:0005515="protsin binding"
GO:0004872="receplor activity"
-ENSCING00000003016 (Ciona intestinalis)
G0:0051082="unfolded protein binding"
Y63D3A.6 (Casncrhabditis slegans)

GO:0031072="heat shock protein binding"

Wl

Orthologies with annotated Drosophila melanogaster genes:
4,059 (one-to-one), 2,282 (one-to-many, many-to-many or many-to-one)
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A wave of lineage-specific expansions in the pea aphid
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In Drosophila, kelch protein is involved in the organization and morphology of the ovarian ring channel.

A particularity of pea aphids is a complex life cycle with reproductive polyphenism and extensive differences in
ovarian morphology between the different female morphs.

Is the kelch family expansion in aphids related to such diversity?

Figure 2. Viviparous and oviparous development. Oviparous (A) and viviparous (B) ovaries differ not
only as to whether they possess embryos, accessory glands and spermathecae, but also in the relative
size of germaria and oocytes. Abbreviations: g is germarium, o is oocyte, e is viviparous embryo, ag is
accessory gland, s is spermatheca. Images are modified from Blackman, 1987.
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Probable ancestral WGD(s) in the ancestor of aphids

> Mol Biol Evol. 2020 Mar 1;37(3):730-756. doi: 10.1093/molbev/msz261.

Phylogenomics Identifies an Ancestral Burst of Gene
Duplications Predating the Diversification of
Aphidomorpha

Irene Julca ', Marina Marcet-Houben ', Fernando Cruz 2, Carlos Vargas-Chavez 2,
John Spencer Johnston 4, Jéssica Gomez-Garrido 2, Leonor Frias 2, André Corvelo 2 5,
Damian Loska ', Francisco Camara ', Marta Gut 2 6, Tyler Alioto 2 ©, Amparo Latorre 3 7,

Toni Gabaldén ' © &
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Gene loss also drives adaptation

Loss of Myh16 associated with cranial enlargement

Stedman et al. (2004)
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Open Biol. 2021 Apr; 11(4): 200362.
Published online April 28, 2021. doi: 10.1098/rsob.200362

PMCID: PMC8080010
PMID: 33906412

Shared evolutionary footprints suggest mitochondrial oxidative damage underlies

multiple complex I losses in fungi

Miquel Angel Schikora-Tamarit, 1 - 2 Marina Marcet-Houben, * + 2 Jozef Nosek, 3 and Toni Gabaldén®1:2:4

- Complex | was lost 8 independent times in fungi
- Other genomic changes correlate with Cl loss

inferred genomic changes convergently associated with complex I loss. Based on these results, we

(a)

predict novel complex I functional partners and relate the loss of complex I with the presence of

increased mitochondrial antioxidants, higher fermentative capabilities, duplications of alternative
dehydrogenases, loss of alternative oxidases and adaptation to antifungal compounds. To explain

these findings, we hypothesize that a combination of previously acquired compensatory
mechanisms and exposure to environmental triggers of oxidative stress (such as hypoxia and/or

toxic chemicals) induced complex I loss in fungi.

identification of complex I loss in eukaryotes

mitochondrial
genomes.
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Article | Published: 28 January 2020

Gene gain and loss across the metazoan tree of life

Rosa Fernandez & Toni Gabaldén &3

Nature Ecology & Evolution 4, 524-533 (2020) | Cite this article
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Beyond duplication and loss

- Selection and recombination can explain anomalous gene trees
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Convergent evolution
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Convergent evolution
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Ho: species phylogeny

%
Finch
Falcon &
Woodpecker _ ' /g
Owl | .

—— New world vuftLre ‘
— Bald eagle ‘ :
_E White-tailed Eagle ¢ 3
Cormorant & - '
—|: Little egret

- e
e Loon Yo,
K -
[ Hummingbird Y
— Nightjar Sz ¢
&
— Flamingo f’“
L Grebe H )
Chicken ] %
Ostrich E

Hnoc : nocturnal Htoot : foot—propelled diving

convergence convergence
Loon Q""‘
._,1<
Cormorant
Grebe H
\
Other birds
Hyap - diurnal raptorial
convergence
Falcon
New world vulture \
Bald eagle

White—tailed Eagle

SRR Other birds

103



Parallel evolution
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Escape from adaptive conflict

Gene with two functions in conflict

Original function

Specialist A

Specialist B @)

New function

105



Escape from adaptive conflict
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Original function
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New function
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Escape from adaptive conflict

Gene with two functions in conflict

Original function
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N

Specialist B @)

New function
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> Genome Res. 2015 Sep;25(9):1256-67. doi: 10.1101/gr.190538.115. Epub 2015 Jul 20.

Evolution of selenophosphate synthetases:
emergence and relocation of function through
independent duplications and recurrent
subfunctionalization

Marco Mariotti 1, Didac Santesmasses 2, Salvador Capella-Gutierrez 3, Andrea Mateo 4,
Carme Arnan 2, Rory Johnson 2, Salvatore D'Aniello °, Sun Hee Yim €, Vadim N Gladyshev ©,
Florenci Serras #, Montserrat Corominas 4, Toni Gabaldén 7, Roderic Guigé 2
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Concerted evolution (gene conversion)
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Duplication
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Speciation
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Speciation
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Reticulate (non-vertical) gene evolution
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Conclusions:

- Genome-wide analyses of gene trees provide
useful information to trace the evolution of
genes, species, and traits

- Gene trees and species trees provide distinct
information

- Now is computationally feasible to massively
look at gene evolution: more powerful
computers, new algorithms, data is there
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Challenges:

- Gene family definition in the context of domain shuffling, and alternative
splicing is unresolved

- Scalability is compromised, well-thought designs in taxonomic focus and
genome choice are more important as data accumulates

- Genome annotation and the lack of common ground is a growing
problem

- Functional interpretation is limited due to poor and non-specific
annotations

- Green computing considerations: shall we recompute all once a new
genome is added (e.g. ensembl, OMA)
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