more sequences
are not enough

phylogenetic vs.
non-phylogenetic signal

phylogenomics can resolve
the evolution of animals
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Latimeria chalumnae

The coelacanth is a large marine fish with fleshy fins
that resembles the limbs of terrestrial vertebrates.



Miss M. Courtenay-Latimer Miss Latimer’s sketch and notes

It was named after its discoverer, who was the
curator of a small museum in South Africa.



Until its rediscovery, the coelacanth was thought to have
been extinct since the Late Cretaceous period (7?0 MYA).



wrong right

However, the coelacanth is not a living fossil,
as this concept is fundamentally incorrect!



Protopterus annectens

The lungfish has lungs and can breath air. It is also
a lobe-finned fish, yet living in freshwater.



The coelacanth as the closest relative of tetrapods

Gorr et al. (1991) — haemoglobins a & b (nucl.)

Tetrapods

» (Coelacanth

Lungfish
Ray-finned fish

Cartilaginous fish

BlRIqOSA



The lungdfish as the closest relative of tetrapods

e.g., Meyer & Dolven (1992) — 12S rRNA & cob (mitochondr.)
Brinkmann et al. (2004) — RAS1 & 2 (nucl.)
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Both the coelacanth and the lungfish!

e.g., Yokobori et al. (1994) — cox1 (mitochondr.)
Zardoya & Meyer (1996) — 28S rRNA (nucl.)
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Potential relationships among European languages

based on the naive analysis of 1 word

Francais TU
ltaliano TU
English YOU

Nederlands JE

Euskara DUZU

1 L=
L /LN

The Basque language is our outgroup here.



Potential relationships among European languages

based on the naive analysis of 1 word

W
N

English
ltaliano
Francais

Nederlands

1 ==

Euskara

NO
NO
NON
NEE

EZ

Examining only one or two words exposes us to the
stochastic error because of the lack of information.



francais italiano english nederlands euskara

1 NG o pat
2 ___ o
3 trois three drie hiru
4 je io I ik I

5 you je duzu
6 -- who? wie? nor?
7 ouli Si yes ja bai
8 non no no nee ez
9

hortz
bihotza
oinez

souris topolino saguaren



Known relationships among European languages

strongly supported by the naive analysis of 14 words

ij Francais

5 | 2
._i ltaliano © E
== English g %
Nederlands §. >
iﬁ Euskara

We now have robust statistical support
and phylogenetic resolution!



Potential relationships among European languages

based on the naive analysis of 1 word

[—I_I Frangais TU
— l_l ltalianc TU

|
P Epgiish You

:_: Euskara DuUzZU

The Basque language is our outgroup here.

Potential relationships among European languages

based on the naive analysis of 1 word

B Egiish NO

Italiano NO

Frangais NON

Nederlands  NEE

I
] ==t

Euskara EZ

Examining only one or two words exposes us to the
stochastic error because of the lack of information

Known relationships among European languages
strongly supported by the naive analysis of 14 words

l_l ltaliano e g

o] L . = 5]

_Ealé English % E

] = Nederlands g :
Bl

-_: Euskara

We now have robust statistical suppart
and phylogenetic resolution!

francais italiano english nederlands euskara

1 one een bat

2 bi

3 trois tre three drie hiru

4 e io I ik |

5 you ie duzu

6 who? wie? nor?

7 oui si yes ja bai

8 non no no nee ez

9 ama
10 aita
11 hortz
12 bihotza
13 oinez
14 topolina saguaren

Similarly, phylogenomics is phylogenetics
applied to many genes at once.



African coelacanth

- blood DNA + muscle RNA library
- assembly with ALLPATHS-LG and Trinity
- annotation with the Ensembl pipeline

genome size: 2.86 Gbp (2.18 Gbp]

- 3 RNA libraries (brain, gonad/kidney, gut/liver)
- assembly with Trinity
- N0 annotation

West African lungfish _
genome size: est. 50-100 Gbp

NGS (lllumina) sequencing was used to
sequence the two lobe-finned fishes.



collection
of proteomes

- 13 tetrapods (Ensembl)
- 2 ray-finned fishes (Ensembl)
- 2 lobe-finned fishes

. coelacanth (Broad Instltute)

- lungfish (RNA-seq contigs)

319,459 proteins
after filtration



all-vs-all
comparison

51,026,866,61 1
pairwise similarities

l overnight on a
| desktop workstation

100x faster than BLAST
using USEARCH



clustering

é@i

Dé}%g Or1thhoI\/ICL
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?,?64 groups

with both the lungfish
and the coelacanth




addition of
transcriptomes

- 1 tetrapod
- 1 ray-finned fish
- 3 cartilaginous fishes

Meeorgg

from RNA-seq contigs
using HaMStR (1 week)

373 single-copy
alignments




Homologues

A
Orthologues Paralogues . Orthologues
mouse 0. human 0. | chimp & chimpf | human  mouse P
C C
P | pupuicaTioN opy P
Ancestral gene
B
( N

mouse 0. human ¢ chimpc. lchimp3  human [} mousef3
0‘ .. .‘.

chimp & human [3 mouse f3

>\

Only orthologous genes can be used
to reconstruct a species tree!



addition of
transcriptomes

- 1 tetrapod
- 1 ray-finned fish
- 3 cartilaginous fishes

Meeorgg

from RNA-seq contigs
using HaMStR (1 week)

373 single-copy
alignments




dataset
assembly

supermatrix made
with SCaFoS (1 hour)

degy

22 species x 251 genes
(100,583 aligned AA)
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St S? S3

S ACGTCAAG Sy TGG--T S5 CGGACTACGT
So AC-TCCAG S3 AGCTCC S ccCcT----GG¢G
S3 AC-TCGAC Sy AGCTCG Ss, CGTTCGACGT
St S? S3
S ACGTCAAG TGG--T CGGACTACGT

So AC-TCCAG . . . . o . o« v v o
S3 AC-TCGAC AGCTCC . . . . v v v . ..
Sa .. AGCTCG CCCT----GG@
Sy ..o CGTTCGACGT

Phylogenomic supermatrices are often
full of holes due to missing characters.



dataset
assembly

supermatrix made
with SCaFoS (1 hour)

degy

22 species x 251 genes
(100,583 aligned AA)



using PhyloBayes
CATGTR model)

| 3 monthson a
grid computer

phylogenetic
analysis



Ray-finned fish Pufferfish ‘v
Zebrafish ﬂ

Spotted catshark /w

substitutions per site

Elephant shark % —

Tetrapods are more closely related to the lungfish
than to the coelacanth. Easy, eh?




Qur genomic
time machine!

using PhyloBayes
(CATGTR model)

—

—_ —

3 months on a
grid computer

phylogenetic
analysis

addition of
transcriptomes

dataset
assembly

supermatrix made
with SCaFoS (1 hourh

all-vs-all
comparison

51026866611
pairwise similarities

guemightan a
“ dehtop workstatian

1040x faster than BLAST
wsing USEARCH

i "'ég‘—_ =

22 species x 251 genes
(100,583 aligned AA)




statistical support

100

all species

LG GTR CAT CATGTR

model complexity

B Lu+Te B Lu+Co
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no ray-finned fishes
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model complexity
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statistical support
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no cartilaginous fishes

LG GTR CAT CATGTR

model complexity

B Lu+Te B Lu+Co



statistical support

statistical support

statistical supporn

all species
100
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25

LG GTR GAT GCATGTR
madel complexity
B LusTe B Lu+Co

no ray-finned fishes
100
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50

25

LG GTR CAT CATGTR
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no cartilaginous fishes
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model complexity

B LutTe B Lu+Co
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Tetrapods

E Chicken v
Turkey %

Zebra finch 4

Lizard
|= Western clawed frog #“

Lobe-finned fish

Chinese brown frog W
Lungfish g

Ray-finned fish

Coelacanth w

— Tilapia -

Cartilaginous fish

L Pufferfish g
Zebrafish gs®

Spotted catshark /w :
—L Little skate tf : 0.1

%" substitutions per site

Elephant shark X‘V%}‘\ —
L

Why do we have such an
unstable phylogeny?



The coelacanth as the closest relative of tetrapods
Gorr et al. (1981) - haemoglobins a & b (nucl.)

;,ﬂg Tetrapods
> Coelacanth

)
‘«_;k Lungfish %
— e+ Ray-finnedfish &

& cartilaginous fish

The lungfish as the closest relative of tetrapods

e.g., Meyer & Dolven (1992) — 125 rBNA & cob (mitochondr.)
Brinkmann et al. (2004) — RAS1 & 2 (nucl.)

sﬁg Tetrapads
_|: ‘a_af‘ Lungfish s
—————— @} Coelacanth g
— . 5" Ray-finned fish 5
q.,'f; Cartilaginous fish
Both the coelacanth and the lungfish!
e.9., Yokobor et al. (1994) — cox1 (mitechondr.)
Zardoya & Meyer (1996) — 285 rRNA (nucl.)
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Similarly, phylogenomics is phylogenetics
applied to many genes at once.

unstable phylogeny?

-
iI.I I I I Why do we have such an

Phylogenomics is useful but
can suffer from artifacts!

Let's look at their causes!

African coelacanth

+ blood DNA + muscle RMNA library
« assermbly with ALLPATHS-LG and Trinity
« annotation with the Ensembl pipeline

genome size: 286 Gbp [2.18 Gbp)

+ 3 RNA libraries (brain, gonad/kidney, gut/liver)
+ assembly with Trinity

- no annotation ”
West African lungfish -

genpme size: est. 50- 100 Ghp

NGS [Illuminal sequencing was used to
sequence the two lobe-finned fishes,

Our genomic
time machine!

usng PrivioBayes
(CATGTR model)

phylogenetic
analysis

dataset
assembly

phylogenomic protocol
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Cambrian (542-488])

Can we resolve the
ﬁ Cambrian explosion?

Devonian
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Looking back at the past, it seems like
all bilaterian lineages have appeared at once!



The « Cambrian explosion » — nothing to see!

Rokas et al. (2005) — 50 nuclear genes

‘ Priapulida
u"f Nematoda
= Y
“I%, Platyhelminthes S
y o ®
Arthropoda g %
) o
Annelida
Mollusca

#%= Deuterostomia (incl. Vertebr.)



The « new animal phylogeny »

Aguinaldo et al. (1997) — 18S rRNA
Philippe et al. (2005) — 71 nuclear genes
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Example of alternative phylogeny
Philippe et al. (2005) — 146 nuclear genes
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AAAAAAAA

/\

AACAAAAA AAAAATAA

/\ /\

AACAAAGT AACATAAA AGAAATAA CAAAATAA

species | species 2 species 3 species 4
1 juiczuuiGT | mt-ﬂﬂamh_
2 AACATAAA I
mowmg N RN

The phylogenetic signal lies in the substitutions
Inherited from the common ancestors of the sequences.



AAAAAAAA

/\

AACAAAAA AAAAATAA

multipley\ Nrsion

AATAAAAA  AACATAAA  AGAAATAA AAAAAAAA

convergence convergence

AACATAAG AAAAAAAG
paralleliwa”ensm
T [ CAAAAAAG CAAAAAAG

Multiple substitutions at a given site erase this signal
and can even create spurious identities (homoplasy].



AAAAAAAA

/\

AACAATAA GAAAATAA

/\ /\

AACGATGT AGCATTAA GGATATCA CAAATTAA

species | species 2 species 3 species 4
1 AACGATGT \/“—*Y
3 GGATATCA e

4 CAAATTAA

When homoplasy is widespread, sequences are said to
be saturated. The historical signal becomes very weak.



Y L Y L
q q ») < q2
>
P
\'A% X W X
ifY is a phylogenetically distant outgroup
W
Lo — o
X

Homoplasy can affect only some sequences, which
leads to the long-branch-attraction (LBA) artifact.
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average statistical support
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effect of the evolutionary model
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species sampling
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Long branches (old
or fast-evolving) contain
much more substitutions than
reflected in their length.

W X

If undetected, these multiple
substitutions generate a
non-phylogenetic signal that
hinders reconstruction
(systematic error).



Long branches (old

or fast-evolving) contain

much more substitutions than
reflected in their length,

T F4 A Z
1 q peqt
R
[
WX WX

If undetected, these multiple
substitutions generate a
non-phylogenetic signal that
hinders reconstruction
[systematic error).

We'd better
improve species
sampling!

How to reduce
systematic error?



We should use
slow-evolving
species only!
This is trivial: we simply minimize the
number of multiple substitutions.



We'd better
Improve species
sampling!
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When considering only 4 species, these ? multiple
substitutions suggest an incorrect phylogeny.
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Breaking the long branches with 35 species
helps detecting all the 25 substitutions.
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We need
better models!

LG or WAG GTR
AR N D A A N D
A A
R R
N e + NP +
D o
c ARNDCQ..YV c ARNDGQ..YV
1 global precomputed 1 global 1 global = dynamic = 1 glebal
replacemeant mafrix compositional profile replacement matrix compositional profile
CAT CATGTR
A R N D A R N D
A A
R R
M ARMNDCO._ ¥V N = ARNDCQ . YW
o L + . +
c — ARNDGQ .YV c ARNDOGO ¥V
ARNDCO.YVY " ARNDCO.YV
1 global « flat » K distinct 1 global « dynamic » K distinct

replacement matrix compaositional profiles replacement matrix compesitional profiles



LG or WAG

A R N D

O O 2 1 »

1 global precomputed
replacement matrix

=

ARNDCQ..YYV

1 global
compositional profile



A R N D

O O 2 1/ >

1 global « dynamic »
replacement matrix

GTR

ARNDCQ..YYV

1 global
compositional profile



O O 2 21/ >

A R N D

1 global « flat »
replacement matrix

CAT

.

ARNDCAQ..YYV

ARNDCQ..YYV

-

ARNDCQ..YYV

K distinct
compositional profiles



A R N D

O O 2 1V >

1 global « dynamic »
replacement matrix

CATGTR

.

-

ARNDCQ..YV

ARNDCQ..YYV

ARNDCQ..YYV

K distinct
compositional profiles



phylogenetic signal

non-phylogenetic signal

apparent signal

>

<

Strongly supported
incorrect trees

Unsupported trees

A

Strongly supported
correct trees
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Ediacaran (635-542]

What did the first
i, animal look like?

Cambrian (54
Can we



All tooled up

The animal ancestor, or
urmetazoan, had a toolkit
of genes that evolved to
give the diversity of
animal forms seen today

® Body-plan genes
® Specialized cell types
® Cells ‘glued’ together

® Communication system

Sponges

Cnidarians

|

Vertebrates

[

Arthropods

Annelids
Echinoderms
i Molluscs

The common ancestor of all animals is called
the Urmetazoan. What did it look like?



Schierwater et al. (2009)

15 mitochondrial and 34 nuclear genes
GTR and WAG models

<7 Porifera (3)
Cnidaria (4)

Ctenophora (1)

BOZEBIS|N

Placozoa (1)

Bilateria (9)

It was already very complex! All lineages are thus
evolutionarily simplified except bilaterians.



Dunn et al. (2008)

6 mitochondrial and 144 nuclear genes
WAG and CAT models

Ctenophora (2)
Porifera (1)
Cnidaria (5)

Bilateria (50)

It featured several complex characters (e.g.,
neurons)! Or these have evolved convergently...

BOZRIS|N



Philippe et al. (2009)

128 nuclear genes
CAT model

525 Porifera (9)
Placozoa (1)

Cnidaria (9)

BOZBIOIN

Ctenophora (3)

Bilateria (22)

It might have been quite simple. Hey! Which one
of these 3 strongly supported trees is correct?



Schierwater et al. (2009) A

15 mitochondrial and 34 nuclear genes
GTR and WAG models

“% Porifera (3)

ﬁ Chidaria (4)
_E? Ctenophora (1)

;@ Placozoa (1)

g Bilateria (9)

It was already very complex! All lineages are thus
evolutionarily simplified except bilaterians.

20ZEIAN

phylogenetic signal

Dunn et al. (2008)

& mitochondrial and 144 nuclear genes
WAG and CAT models

©
c
jol
wn
0
L 5
’;‘ Ctenophora (2) -
'l,,c'_.‘;‘ . = (0)]
@z Porifera (1) o (@)]
n Qo
- Cnidaria (5) g =
g Bilateria (50) 'E_
sV
It featured several complex characters (e.g., 8
neurons)! Or these have evolved convergently... Strong|y Supported
incorrect trees
Philippe et al. (2009) TCU
128 nuclear genes ()]
CAT model O
<7 Porifera (9) =
— @ S
acozoa (1) z sk
= T (1]
ﬁ Cnidaria (9) & %
e Q
_E f; Ctenophora (3) = ] 2 3
g Bilateria (22)

It might have been quite simple. Hey! Which one
of these 3 strongly supported trees is correct?

For nodes with a scarce
phylogenetic signal,
even small amounts of
non-phylogenetic signal
may dominate and yield
an incorrect tree.

Ironically, these nodes
are those for which
phylogenomics would
be the most useful!

—S¥stematic Effor

What are ¢

he causes of 1he

Studies of Dunn et al. (20pg)
CULE

non-
annd gi‘r}zsgfﬁxem signal in the
&retal (2pgg)s



tic error with the dataset of
Iso yields artifactual trees.

Failure to reduce systematic

Philippe et al. (2009] a

Let's look at
3 more sources
of artifacts!

What are the causes of the non-phylogenetic signal in the
studies of Dunn et al. (2008) and Schierwater et al. (2009)7



contaminations (xenology)

o Ahnthozoa
| iliophora
82 Excavatap
Ascomycota
Y Inchoplax_adhaerens
_ ammalia

92 97001 Basidiomycota

0.1 100 ( Amoebozoa

e 100 ' Hexapoda

RP3 gene in Schierwater et al. (2009])

CDC gene in Schierwater et al. (2009])

Ciliophora

Placozoa
|'_|— Amoebozoa

Demospongiae

— Mammalia
Echinodermata

—

97

Hexapoda Basidi ’
[ asidiomycota
Ascomycotg

97 — Choanoflagellata

Ao deep paralogy

99 L Anthozoa




Homologues

A
Orthologues Paralogues . Orthologues
mouse 0. human o | chimp o chimpf | human  mouse f
Cory2  TpupLication] SoPYP
Ancestral gene
B
( N
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Only orthologous genes can be used
to reconstruct a species tree!



Monosiga brevicollis
Trichoplax adhaerens

¢ Briareum asbestinum
Sarcophyton glaucum

Nematostella sp.

Metridium senile

Cnidaria

B — Montastraea faveolata
Ricordea florida
5 z;\(c?pora te;?urs_ .
- akortis angulospiculatus
| |og] (=0 2akg s angulosp . . FHomoscleromorpha
ippospongia lachne
B ¢ \/;cefetfa Sp. \
B ¢ — Igernella notabilis
Aplysina fulva
Chondrilla aff.
Amphimedon compressa _
Amphimedon queenslandica
Xestospongia muta
- ECE;;HJE}S‘%QHQIQ ,tﬁfcifera
79 phydatia muelleri :
Ax},{?eﬂa corrugata }DemOSponglae
99 Topsentia ophiraphidites
Geodia neptuni
85 Demospongiae [in Schierwater et al. (2009)]
Suberites domuncula
81 Calcarea [in Schierwater et al. (2009)]
osl— Tethya actinia
lotrochota birotulata _
Hexactinellida [in Schierwater et al. (2009)]
Negombata magnifica J
urelia aurita o
Hydra magmpfpfgﬂata st t
phrocallistes vastus . .
80 L: Iphiteon panicea Hexactinellida
81 ympagella nux
Balanoglossus carnosus
Saccoglossus kowalevsKii
95 Strongylocentrotus purpuratus vy
Homo sapiens =
Gallus gallus Q
*® Danio rerio ®
Platynereis dumerilii =,
. +_L. Prfapf%lushcaudatfjs Q
0.1 aphnia pulex
—_ taxo n O m I c Drosophila melanogaster

misidentification
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Purging the dataset of Schierwater et al. (2009]
of its errors yields a very different tree.



Schierwater et al. (2009)

15 mitochondrial and 34 nuclear genes
GTR and WAG models

Porifera (3)
Cnidaria (4)
Ctenophora (1)

Placozoa (1)

" Bilateria (9)
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tic error with the dataset of
Iso yields artifactual trees.

Failure to reduce systematic

Philippe et al. (2009] a

Let's look at
3 more sources
of artifacts!

What are the causes of the non-phylogenetic signal in the
studies of Dunn et al. (2008) and Schierwater et al. (2009)7
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Missing data exacerbate the systematic error by
reducing the number of species effectively available.
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Philippe et al. (2009)
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missing data




Completing the dataset of Dunn et al. (2008])
with new sequences also yields a very different tree.
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Dunn et al. (2008)

6 mitochondrial and 144 nuclear genes
WAG and CAT models

Ctenophora (2)
Porifera (1)
Cnidaria (5)

Bilateria (50)
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Dunn et al. with Dunn et al. (2008)
completed outgroup

Bilateria Bilateria
Cnidaria Cnidaria
Ctenophora Porifera
Porifera 0.92 Ctenophora
Choano Choano
*ichtyo +|chtyo
Fungi Fungi

Actually, it is enough to complete the 4 close outgroup
sequences (choanoflagellates) to change the tree.



tic error with the dataset of
Iso yields artifactual trees.

Failure to reduce systematic

Philippe et al. (2009] a

Let's look at
3 more sources
of artifacts!

What are the causes of the non-phylogenetic signal in the
studies of Dunn et al. (2008) and Schierwater et al. (2009)7
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Failure to reduce systematic error with the dataset of
Philippe et al. (2009) also yields artifactual trees.
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Philippe et al. (2009)

128 nuclear genes
CAT model

7 Jﬂ%ﬁ\ =
£ Porifera (9)
Placozoa (1)

Cnidaria (9)

Ctenophora (3)

% Bilateria (22)
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Schierwater et al. revised Dunn et al. revised Philippe et al. (2009)
1.251 o .
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Due to a more stringent selection of sites, the dataset
of Philippe et al. (2009) is the least saturated.






more sequences
are not enough

phylogenetic vs.
non-phylogenetic signal

phylogenomics can resolve
the evolution of animals
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